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When  U.  S. Government  dra\lings,  specifications,  or  other  data  are  used  for  any  pur- 
pose other  than  a definitely  related  Gover’iment  procurement  operation,  the  Govern- 
ment thereby  incurs  no  responsibility  nor  any  obligation  whatsoever,  and  the  fact 
that  the  Government  may  have  formulated,  furnished,  or  in  any  way  supplied  the  said 
drawings,  specifications,  or  other  data,  is  not  to  be  regarded  by  implication  or 
otherwise,  or  in  any  manner  licensing  the  holder  or  any  other  person  or  corpora- 
tion, or  conveying  any  rights  or  permission  to  manufacture,  use,  or  sell  any 
patented  invention  that  may  in  any  way  be  related  thereto, 

FOREWORD 

This  report  constitutes  the  final  report  for  the  original  portion  of  the  AFRPL 
Motor  Component  Vibration  Study,  Contract  F04611-73-C-0025,  The  contract  was 
recently  amended  to  include  an  analysis  of  the  Space  Shuttle  Booster  motors,  A 
separate  final  report  will  be  issued  on  the  Space  Shuttle  work.  The  work  reported 
was  accomplished  at  Hercules  Incorporated,  Bacchus  Works,  Magna,  Utah, 

This  report  is  submitted  in  accordance  witii  data  item  B-006  of  the  referenced  con- 
tract, Contract  F04611-73-C-0025  was  issued  to  Hercules  by  the  Air  Force  Rocket 
Propulsion  Laboratory,  Edwards,  CA  93523,  Project  engineers  for  the  contract 
have  been  Mr.  D.  Thrasher  and  Dr.  D.  George.  The  current  project  engineer  is  Mr. 

W.  C,  Andrepont. 

A ^bcontract  was  issued  to  the  MacNeal-SchwendJer  Corporation  for  modifications 
to  'tlif^ASTRAN  computer  programr~ Cyclic  symmetry  analysis  capability  was  added  to 
the  frequency  response  package  (Rigid  Format  8),  in  level  15.0  NASTRAN  by  MacNeal- 
Schwendler, 

The  Lockheed  Missiles  and  Space  Company  at  Sunnyvale,  California  furnished  data  on 
the  components  that  are  attached  to  the  aft  dome  of  the  C-3  Poseidon  SS  motor.  In 
addition,  Lockheed  loaned  Hercules  an  inert  Poseidon  SS  motor  for  use  in  the 
acoustics  testing  portion  of  this  program.  The  Aerojet  Solid  Propulsion  Company 
at  Sacramento,  California  supplied  reports  and  other  data  on  the  Minuteman  III 
third  stage  motor  for  use  in  constructing  finite  element  models  of  the  motor. 

The  following  Hercules  employees  have  made  significant  contributions  to  this  effort: 
E.  Hikida  (Task  3),  L.  West  (Task  4),  B.  Moore  (Tasks  8,  10  and  11),  D.  Wang  (Task 
11)  and  F.R.  Jensen,  Principal  Investigator. 

This  report  has  been  reviewed  by  the  Information  0ffice/D07.  and  is  releasable  to 
the  National  Technical  Information  Service  (NTIS).  At  NTIS  it  will  be  available 
to  the  general  public,  including  foreign  nations. 

This  report  is  unclassified  and  suitable  for  general  public  release. 
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SECTION  I * ^ 

INTRODUCTION 

There  were  two  major  objectives  of  the  Component  Vibration  program:  ^ 

(1)  Develop  simplified  finite  element  structural  modeling  techniques  for 
the  determination  of  permissible  limiting  amplitudes  of  acoustic  pressure 
oscillations  on  the  basis  of  motor-mounted  hardvjare  vibration  limits,  j 

and  (2)  develop  criteria  for  the  degree  of  simplification  which  can  be  j 

tolerated  in  structural  modeling  of  the  rocket  motor  for  combustion-  ; 

instability-related  dynamic  structural  analyses. 

Acoustic  pressure  oscillations  in  the  combustion  cavity  of  a solid 
propellant  rocket  motor  can  impose  excessive  dynamic  loads  on  structural 
components  and  attached  auxiliary  motor  hardware  and  on  hydraulic  and  , 

electronic  equipment.  The  problem  of  combustion  instability  has  received 
renewed  emphasis  in  recent  years  because  of  these  structural  effects.  High 
dynamic  loads  (accelerations)  have  been  observed  on  structural  components  • 
particularly  in  high-strength,  low-modulus  rocket  motor  cases  - at  relatively  = 

low  oscillating  pressure  amplitudes  (<3  psi  in  the  Poseidon  second  stage).  > 

Dynamic  response  to  acoustic  pressure  oscillations  must  be  predicted  to 
define  acceleration  levels  to  be  expected  on  individual  components  during  ’ 

flight  and  static  firings.  This  information  is  then  used  to  indicate 
possible  redesign  of  the  motor  or  a component,  to  define  component  qualifi- 
cation test  specifications,  or  to  design  a means  for  shock  isolation.  Since  ; 

the  analysis  method  must  account  for  motor  design  parameters  it  may  be 
used  to  assist  in  redesign  efforts.  ^ 

> 

Nearly  all  solid  propellant  rocket  motors  currently  in  use  in  upper 
stage  ballistic  missiles  exhibit  some  degree  of  combustion  instability. 

In  strategic  missiles,  the  most  vibration-sensitive  guidance  equipment  ' 

is  placed  on  or  above  the  upper  stage  motors.  The  upper  stages  are,  there-  ^ 

fore,  of  great  concern  with  regard  to  tolerable  levels  of  acoustic  combustion  ^ 

oscillation. 

High  amplitude  vibrations  may  be  detrimental  to  components  that  ? 

have  oeen  designed  and  qualified  to  withstand  lower  levels.  For  example,  ; 

MIL-STD-810B  requires  vibration  tests  at  levels  up  to  a maximum  of  50  g's  i 

for  components  mounted  on  ground- launched  or  air-launched  missiles.  Vibra- 
tion levels  over  100  g's  have  been  observed  on  the  Minuteman  II  third  stage  • 

motor  and  vibration  levels  over  300  g's  have  been  observed  on  both  the 
Minuteman  III  third  stage  and  Poseidon  C-3  second  stage  motors, 

s' 

Guidance  and  related  motor  control  hardware  are  normally  constructed  ' 

of  lightly-damped  metal  and  plastic  materials  in  comparison  to  the  heavily-  i 

damped  propellant  grain.  Hence,  vibration  amplitudes  associated  with  J 

resonances  of  these  components  can  be  very  high.  The  degree  to  which  . 

combustion  instability  car.  be  tolerated  depends  u’-on  the  relative  resonant  • 

frequency  ranges  of  the  components  and  the  acoustic  cavity,  which  can  often 
be  unstable  at  several  frequencies  over  a broad  range. 
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The  v7ork  planned  to  accomplish  the  stated  objectives  was  divided  into 
three  separate  phases,  with  each  phase  haying  its  otm  objective.  The  work 
within  each  phase  was  further,  divided  into  tasks.  The  three  phases  and 
14  tasks  that  constitute  the  total  effort  are  as  follows: 

Phase  I - Establish  a Baseline  Analysis 
Task  1 - Select  a Baseline  Motor 
Task  2 - Baseline  Motor  Acoustics  Analysis 
Task  3 - Baseline  Motor  Structural  Dynamics  Analysis 
Task -4  - Structural  Response  Testing  Using,  Acoustic  Excitation 
Task  5 - Baseline  Motor  Analysis  Evaluation 

Phase  II  - Simplified  Modeling  Studies 

Task  6 - Select  Simplified  Modeling  Techniques 

Task  7 - Baseline  Motor  Analysis  Using  Simplified  Techniques 

Task  8 - Evaluation  of  Simplified  Model  Analyses 

Phase  III  - Verification  Motor  Analysis 

Task  9 - Select  Verification  Motor(s) 

Task  10  - Verification  Motor  Acoustics  Analysis 

Task  11  - Structural  Dynamics  Analysis  of  the  Verification  Motor(s) 

Task  12  - Evaluation  of  Verification  Motor  Analyses 

Task  13  - Select  Simplified  Modeling  Techniques 

Task  14  - Issue  Final  Report  Including  Modeling  Techniques  Manual 

The  major  purpose  of  Phase  I was  to  provide  a data  baseline  for  evalua- 
tion of  simplified  techniques.  Plans  called  for  a detailed  analysis  of  a 
motor  to  be  conducted  with  as  much  detail  in  the  model  as  could  be 
considered  reasonable  to  provide  results  that  would  be  as  accurate  as 
state-of-the-art  modeling  would  yield.  The  validity  of  a modeling  simplifi- 
cation could  then  be  evaluated  by  comparing  results  from  a model  using  the 
proposed  simplification  with  results  from  the  detailed  analysis.  ' 

Phase  II  was  included  in  the  program  to  develop  simplified  modeling 
techniques.  Proposed  techniques  were  to  be  screened  in  Task  6,  based  on 
experience  gained  during  Phase  I,  The  simplified  techniques  that  appeared 
to  be  most  promising  were  to  be  applied  in  an  analysis  of  the  baseline  motor 
in  Task  7.  Task  8 was  intended  as  an  evaluation  of  simplified  model  results 
obtained  by  comparing  Phase  I and  Task  7 solutions. 
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The  Phase  III  verification  analyses  were  scheduled  to  verify  the 
simplified  analysis  techniques  developed  in  Phase  II.  The  simplified 
techniques  were  to  be  applied  to  b70  verification  motors  and  results  were 
to  be  evaluated  by  comparing  available  accelerometer  data  with  analysis 
results. 

The  program  conducted  does  not  agree  exactly  wil”'  the  original  program 
plan  as  outlined  above.  Changes  and  reasons  for  the  changes  are  given  in 
the  body  of  the  report. 

A separate  section  of  the  report  is  used  to  discuss  each  major  task  or 
phase.  Much  of  the  work  has  been  documented  by  task  final  reports  that  were 
written  after  completion  of  the  individual  task.  For  the  work  covered  by 
task  final  reports,  only  a summary  is  given  under  the  task  heading  and  the 
task  final  report  is  included  as  an  appendix.  For  tasks  that  were  not  docu- 
mented by  final  reports,  appropriate  detail  is  included  in  the  main  body  of 
this  report.  Some  of  the  technical  details  previously  published  in  monthly 
status  reports  have  been  gathered  to  form  another  appendix  to  this  report. 

A report  witten  to  Hercules  by  the  MacNeal-Schwendler  Corporation  (MSC) , 
has  also  been  included  as  an  appendix.  The  MSC  report  was  written  to 
document  the  addition  of  the  Cyclic  Symmetry  capability  tc  the  Frequency 
Response  Rigid  format  in  NASTRAN.  A final  appendix  is  the  Modeling  Techniques 
Manual  that  is  intended  to  provide  guidance  to  analysts  who  must  analyze 
solid  rocket  motors  subject  to  unstable  acoustic  pressure  oscillations. 

The  following  appendices  are  included  as  a part  of  this  final  report: 

Appendix  A - Task  1 Final  Report 

Appendix  B - Task  2 Final  Report 

Appendix  C - MSC  Cyclic  Symmetry  Report 

Appendix  D - Task  4 Final  Report 

Appendix  E - Task  5 Final  Report 

Appendix  F - Task  8 Final  Report 

Appendix  G - Excerpts  from  Monthly  Status  Reports 

Appendix  H - Closed  Envelope  Predictions 

Appendix  I - Modeling  Techniques  Manual 

Final  reports  covering  the  analysis  of  the  C-3  Poseidon  SS  motor, 

(Task  3),  and  the  analysis  of  the  Minuteman  III  TS  motor,  (Phase  III),  were 
not  written.  Therefore,  a detailed  discussion  of  these  analyses  is  included 
in  this  report.  The  report  ends  with  a section  containing  conclusions 
and  recommendations  for  additional  work. 
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SECTION  TI 


TASK  1 - SELECTION  OF  TEL,  ^BASELINE  MOTOR 

The  major  objective  of  Task  1 was  to  select  a baseline  motor.  Motors 
to  be  considered  as  candidates  for  the  baseline  motor  included  the  Minuteman 
II  and  Minuteman  III  .third  stage  motors  and  the  C-3  Poseidon  second  stage 
motor.  A secondary  objective  of  Task  1 was  to  establish  error  limits  to  be 
used  for  evaluation  of  the  baseline- motor  analysis. 

A.  BASELINE  MOTOR  SELECTION 

The  following  factors  were  specified  in  the  contract  work  statement  as 
criteria  for  selecting  the  baseline  motor: 

(1)  Availability  of  component  vibration  and  acoustic  pressure 
oscillation  data  from  static  and  flight  tests 

(2)  Availability  of  acoustic  mode  analysis  and,  d3mamic  structural 
analysis  results 

(3)  Degree  to  which  the  mc,_or  configuration  is  representative  of 
probable  future  ballistic  missile  motor  designs 

Both  the  Minuteman  and  Poseidon  motors  appeared  to  have  sufficient 
component  vibration  data  from  static  and  flight  tests,.  In  addition, 
acoustic  mode  analyses  had  been  performed  on  each  motor  by  the  MacNeal- 
Schwendler  Corporation.  Acoustic  bench  tests  had  been  performed  on  each 
motor,  with  the  Poseidon  C-3  second  stage  having  the  most  comprehensive 
bench  test  results  available.  More  significant  structural  dynamic  analyses 
had  been  performed  on  the  Minuteman  III  third  stage  than  on  either  of  the 
other  two  motors.. 

After  reviewing  the  qualifications  of  each  candidate  motor,  it  was 
concluded  that  either  the  Minuteman  III  third  stage  or  the  Poseidon  C-3 
second  stage  motor  could  qualify  as  a baseline  motor.  The  Minuteman  II 
third  stage  motor  was  disquaHfied  because  the  use  of  four  separate  nozzles 
was  judged  to  be  not  typical  of  probable  future  motor  designs,  Hercules 
selected  the  Poseidon  C-3  second  stage  motor  to  be  the  baseline  motor.  The 
fact  that  an  inert  motor  would  be  readily  available  for  the  Task  4 test 
program  was  a major  consideration  in  selecting  the  Poseidon  motor  over  the 
Minuteman  III  motqr.  Appendix  A provides  for  a more  detailed  discussion 
of  the  baseline  motor  selection. 

B.  ERROR  LIMIT  DEFINITION 

The  contract  work  statement  specified  that  acceptable  error  limits  for 
predicted  component  vibration  levels  be  defined  prior  to  the  performance 
of  the  dynamic  structural  analyses;  that  is,  a prediction  of  the  accuracy  of 
the  analysis  results,  based  on  some  logical  rationale,  was  desired.  Exist- 
ing component  vibration  and  pressure  oscillation  data,  as  well  as  available 
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results  from  acoustic  mode  analyses  and  structural  dynamic  analyses  were  to 
be  considered  in  defining  the  error  limits,  llie  uncertainty  in  the  applied 
oscillating  pressure  loads  and  the  experimental  variability  in  accelero- 
fieter  measurements  was  .to  be  taken  into  account. 

To  establish  the  error  limits,  results  from  the  finite  element  models 
were  assumed  to  represent  mean  values  (m).  Error  limits  about  m were  then 
based  on  results  from  statistical  analyses  of  static  firing  accelerometer 
data.  The  statistical  analyses  yielded  an  estimate  of  the  standard  devia- 
tion (s)  and  the  average  acceleration  response  (y)  for  each  accelerometer 
location  and  for  each  analysis  frequency.  The  coefficient  of  variation  is 
the  ratio  of  standard  deviation  to  mean,  c.o.v.  = s/y.  Using  all  available 
accelerometer  data,  an  average  c.o.v.  = 0.569  was  calculated.  Assuming  that 
the  maximum  accelerations  at  a point  on  the  motor  are  normally  distributed, 
an  acceleration  selected  at  random  from  the  population  should  be  equal  to  or 
less  than  1.94  times  the  mean  maximum  acceleration  95  percent  of  the  time. 
Therefore,  1.94  m was  selected  as  an  upper  bound  error  limit  for  evaluation 
of  the  analysis  results. 

To  use  the  error  limit  of  1.94  m,  the  acceleration  response  calculated 
by  analyzing  finite  element  models  is  multiplied  by  1.94  for  comparison 
with  accelerometer  data.  If  the  analysis  was  accurate,  then  95  percent  of 
all  accelerometer  data  points  should  fall  below  the  1.94  m error  limit. 

Additional  detail  on  selection  of  the  error  limits  can  be  found  in  the 
Task  1 report  in  Appendix  G. 
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SECTION  III 

TASK  2 " ACOUSTIC  ANALYSIS  OF  THE  BASELINE  MOTOR 

To  calculate  the  response  of  -a -motor  undergoing  structural  vibrations 
due  to  unstable  acoustic  pressure  oscillations,  it  is  necessary  to  know  the 
pressure  distribution  (mode  shape)  and  frequency  for  each  acoustic  mode 
) likely  to  be  unstable.  The  objective  of  this  task  was  to  define  the  acoustic 

i mode  shapes  and  frequencies  to  be  used  as  loading  conditions  in  .the  structural 

dynamic  analyses.  Since  analyses  at  two  burn  times  were  required,  part  of 
the  Task  2 effort  consisted tof  selecting  the  burn  times. 

A .zero  burn  time  was  .preselected  so  that  .results  would  be  available 
for  comparison  with  the  zero  burn  inert  motor  used  in  the  Task  4 acoustics 
I testing.  The  second  burn  time  was  to  be  selected  on  the  basis  of  the 

I severity  of  component  vibration  .indicate!  by  existing  accelerometer  data. 

I A burn  time  when  both  longitudinal  and  transverse  acoustic  modes  are 

! present  was  desired.  Two  longitudinal  and  two  tangential  modes  at  each  burn 

time  were  desired  so  that  a total  of  8 frequency  response  analyses  could  be 
conducted  to  characterize  the  motor  structural  response. 

To  provide  information  for  selection  of  the  second  burn  time,  accelero- 
meter data  from  two  static  firings  were  analyzed  in  detail.  In  addition, 
a graph  showing  the  frequency  activity  in  the  motor  as  a function  of  time 
was  studied,  (see  Figure  9 in  Appendix  B) . A four-second  burn  time  was 
selected  as  the  required  advanced  burn  time  because  of  motor  response  to  the 
first  and  third  axial  modes  and  the  third  tangential  mode  being  present  at 
that  time. 

Existing  data  on  mode  shapes  and  frequencies  from  four  different  sources 
were  reviewed.  Existing  data  were  concluded  to  be  adequate  for  use  in  the 
definition  of  the  mode  shapes  and  frequencies  and  no  additional  acoustic 
analyses  were  required,  Data  from  the  MacNeal-Schwendler  Corporation  NASTRAN 
analysis,  from  the  Naval  Weapons  Center  acoustics  tests  on  a 1/4  scale 
model,  from  the  Hercules  2-D  analyses,  and  from  Hercules  full-scale  testing 
program  were  reviewed  and  compared. 

Based  on  the  data  review,  the  following  mode  shapes  and  frequencies 
were  selected  for  use  in  the  structural  dynamics  analyses: 

Burn  Time  (sec)  Mode  Frequency  (Hz) 

A3  770 

Aa  365* 

T,  668 

T3  1327 

Ai  281 

A3  805 

Ti  634 

T2  830 


4 

*In  air 
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The  365  Hz  fourth  longitudinal  (axial)  mode  was  selected  to  provide 
results  for  comparison  with  the  Task  4 acoustics  testing  results.  Analyses 
were  also  performed  during  Task  3,  at  265  Hz,  using  the  A3  mode  to  provide 
additional  data  for  comparison  with  Task  4 results. 

A more  detailed  description  of  the  burn  time  selection,  and  of  the 
acoustic  mode  selection  can  be  found  in  Appendix  B. 
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SECTION  IV 
TASK  3 

STRUCTURAL  DYNAMICS  ANALYSIS  OF  THE  BASELINE  MOTOR 

This  section  on  the  baseline  motor  analysis  has  been  organized  as 
follows: 

A.  Introduction 

B.  Approach 

m 

1 . General 

2.  Application  of  Mechanical  Impedance 

C.  Structural  Models 

1.  Grid  Generation 

2.  Checkouts  of  Models 

3.  Data  Decks 

4.  Load  Generation 


No  results  or  discussions  are  given  in  this  section.  Results  are  given 
and  evaluated  in  the  Task  5 section. 

A.  INTRODUCTION 

The  C-3  Poseidon  second  stage  (SS)  motor  was  selected  for  use  as  a 
baseline  motor  as  discussed  in  Task  1.  Loads  on  the  motor  due  to  acoustic 
pressure  oscillations  were  defined  in  Task  2.  The  objective  of  this  task 
was  to  calculate  the  response  of  the  motor  structure,  including  attached 
components,  to  the  defined  loading  distributions. 

Rocket  motors  are  often  analyzed  with  the  use  of  two-dimensional  (2D) 
axisymmetric  finite  element  models.  The  axisymmetric  approximation  to  the 
motor  structure  has  been  found  to  yield  good  results  in  .calculating 
stresses  in  the  motor  due  to  the  axisymmetric  internal  pressure  load  or 
due  to  other  axisymmetric  loads.  Typical  motor  designs  are  not  axisym- 
metric, Most  motors  have  slots  in  the  propellant  grain  and/or  miscellaneous 
hardware  (components)  attached  that  prevent  them  from  being  truly  axisym- 
metric. 

Motion  of  the  unsymmetrically  attached  components  was  considered  to 
be  important  for  the  Task  3 analyses.  In  addition,  calculation  of  motor 
response  to  the  nonaxisymmetric  tangential  acoustic  modes  was  required. 

For  these  reasons,  the  use  of  a general  3D  solution  for  structural 
response  calculations  was  necessary. 
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when  a general  3D  finite  element  model  is  constructed  to  represent 
a structure  as  complex  as  a rocket  motor,  an  extremely  large  number  of 
degrees  of  freedom  are  required.  In  addition,  the  nature  of  a SD  problem 
results  in  very  large  bandwidths  for  the  stiffness  matrices  that  repre- 
sent f inice  element  models.  The  result  is  unreasonably  long  computer 
run  times  and  unreasonably  large  computer  core  requirements. 

Because  of  the  problems  associated  with  obtaining  general  straight- 
forward 3D  solutions,  special  techniques  were  required  to  make  obtaining 
such  solutions  practical. 

B.  APPROACH 

1.  General 


The  use  of  NASTRAN,  level  15,  as  the  basic  analysis  tool  for 
this  program  was  a contractual  requirement.  In  spite  of  the  capacity 
that  the  NASTRAN  program  has  for  solving  arbitrarily  large  problems,  the 
need  for  special  treatment  of  this  particular  problem  was  apparent  at  the 
beginning.  Original  plans  called  for  a modal  synthesis  approach.  Separate 
detailed  models  were  to  have  been  constructed  for  the  various  portions  of 
the  motor  and  then  effectively  combined  using  modal  synthesis.  Such  an 
approach  was  advantageous  as  considerable  detail  could  be  used  in  the 
individual  models  for  each  portion  of  the  motor.  Another  advantage  was 
that  mode  shapes  and  natural  frequencies  would  be  calculated  in  the  course 
of  obtaining  the  solutions,  thus  providing  valuable  insight  into  the 
behavior  of  the  motor  model.  The  modal  synthesis  approach  was  found  to 
have  the  disadvantage  that  the  frequency  dependence  of  the  propellant 
grain  stiffness  could  not  be  accurately  modeled. 

To  obtain  a model  that  could  represent  the  frequency-dependent 
grain  behavior  and  still  maintain  reasonable  detail  in  the  model,  a cyclic 
symmetry  model  was  used,  "Cyclic  Symmetry  Analysis"  is  a technique 
developed  by  MacNeal  Schwendler  for  efficient  analysis  of  cyclic  symmetric 
structures.  A rocket  motor  that  is  axisymmetric  except  for  radial  grain 
slots  is  an  example  of  a cyclic  symmetric  structure  because  the  geometry 
repeats  around  the  motor  circumference. 

A structure  is  said  to  be  cyclic  symmetric  wh»n  it  consists  of  a 
set  of  identical  segments  located  symmetrically  about  a particular  axis. 

The  structure  shown  in  Figure  4-1  is  cyclic  symmetric  when  the  beam  element 
model  is  removed.  Figure  4-1  shows  a simple  motor  model  with  three  slots. 

If  an  r-z  plane  is  passed  through  the  centerline  of  each  slot,  the  model 
would  be  divided  into  three  120°  segments.  Since  each  of  the  segments 
would  be  identical,  the  motor  structure  is  said  to  be  cyclic  symmetric. 

The  model  of  Figure  4-1  could  also  be  divided  into  three  identical  seg- 
ments so  that  a slot  would  be  centered  in  each  segment.  The  type  of 
symmetry  discussed  to  this  point  is  referred  to  as  rotational  cyclic 
symmetry  in  the  MacNeal  Schwendler  Corporation  report  included  as  Appendix  C. 
A structure  that  possesses  rotational  cyclic  symmetry  also  possesses 
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, ; dihedral  cyclic  symmetry  if  each  segment  consists  of  two  subsegments  which 

> are  mirror  images  of  one  another.  The  model  in  Figure  4-1  possesses 

dihedral  cyclic  sjmimetry  because  each  120°  segment  has  a plane  of  symmetry 
and  can  be  represented  by  two  60°  segments  which  are  mirror  images  of  one 
. another.  Additional  discussion  on  cyclic  symmetry  can  be  found  in 

, ' ' Appendix  C. 

i 

. Using  the  cyclic  symmetry  approach,  it  is  possible  to  obtain  a 

general  3D  solution  by  modeling  only  the  unique  portion  of  the  structure 
(i«e.,  by  modeling  only  the  pie-slice-shaped  segment  of  the  motor  that, 
when  repeated  around  the  circumference,  represents  the  complete  motor). 

' Most  rocket  motors  with  slotted  grains  possess  dihedral  cyclic  symmetry. 

The  use  of  the  dihedral  cyclic  s}nranetry  option  allows  the  use  of  a model 
' only  one- half  as  large  as  that  required  for  rotational  cyclic  symmetry. 

The  model  in  Figure  4-1  is  represented  by  only  one  60°  segment  in  a 
dihedral  cyclic  S3mmietry  analysis. 

The  theory  upon  which  cyclic  symmetry  analysis  is  based  is  dis- 
cussed in  the  MacNeal  Schwendler's  report  (refer  to  Appendix  C).  Basically, 
a coordinate  transformation  is  applied  to  the  one-segment  finite  element 
model.  The  solutions  are  then  obtained  in  so-called  "cyclic  coordinates." 

To  obtain  a solution  for  a model  represented  by  n segments,  the  one-segment 
model  is  solved  n times.  The  model  in  Figure  4-1  could  be  represented  by 
six  segments  using  dihedral  cyclic  symmetry.  Therefore,  the  60°  segment 
^ model  would  be  solved  six  times  to  obtain  a general  3-dimensional  solu- 

tion for  one  applied  load  set.  A cyclic  symmetry  solution  is  apparently 
, much  more  efficient  than  a standard  solution  because  the  problem  can  be 

solved  one  segment  at  a time.  The  bandwidth  for  a cyclic  symmetry  problem 
can  be  significantly  smaller  than  the  corresponding  bandwidth  for  a standard 
solution. 

To  use  the  cyclic  symmetry  approach  in  the  baseline  motor  analysis, 
it  was  necessary  to  modify  the  existing  NASTRAN  program.  MacNeal-Sclwendler 
added  the  cyclic  symmetry  capability  to  the  Frequency  Response  rigid  format 
in  NASTRAN.  Hercules  received  a computer  tape  from  the  MacNeal-Schwendler 
Corporation  (MSC)  containing  the  object  code  for  the  special  version  of 
NASTRAN  that  includes  cyclic  symmetry  in  Rigid  Format  8.  Hercules  also 
received  the  source  code  that  would  be  required  to  adapt  cyclic  symmetry 
to  NASTRAN  Level  15,5.  According  to  MSC  officials,  the  cyclic  symmetry 
capability  in  Rigid  For*mat  8 would  be  available  in  the  MSC  version  of 
NASTRAN  which  the  MSC  company  supplies  to  their  customers.  Since  NASTRAN 
Level  16.0  (soon  to  be  released)  will  not  include  cyclic  symmetry  in 
Rigid  Format  8,  the  MSC  version  is  apparently  the  only  current  location 
where  the  general  public  can  access  this  analysis  capability.  The  MSC 
NASTRAN  program  can  be  used  on  the  Control  Data  Corporation  Cj Fernet 
Computer  system. 
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MSC  report  in  Appendix  C describes  cyclic  symmetry  and  an 
added  program  feature  which  allows  a.  more  efficient  analysis  to  be  conducted 
when  solutions  are  desired  at  several -different  frequencies.  A table 
containing  the  propellant  properties  as  a function  of  frequency  is  input 
to  the  program..  Then,  only  the  portion  of  the  stiffness  matrix  affected 
by  the  changed  propellant  properties  is  modified  to  obtain  a solution  at 
a new  frequency. 

By  performing  frequency  response  analyses  on  a cyclic  symmetry 
finite  element  model  of  the  motor,  it  was  possible  to  calculate  motor 
response  in  a true  3D  sense  and  to  account  for  the  frequency-dependent 
grain  properties.  However,  when  components  are  attached  to  the  motor, 
the  motor  becomes  unsymmetric.  To  correctly  account  for  the  effects  of 
the  attached  components,  a mechanical,  impedance  technique  was  applied. 

The  use  of  mechanical  impedance  methods  -to  deal  with  the  problem  of 
unsymmetric  components  was  recommended  by  the  MSC. 

2.  Application  of  Mechanical  Impedance 

"Impedance"  and  "admittance"  are  terms  generally  associated  with 
electrical  circuits.  The  terms  "mechanical  impedance"  and  "mechanical 
admittance"  are  normally  used  to  Indicate  that  an  analogy  is  being  made 
between  an  electrical  circuit  and  a mechanical  system.  The  literature  oh 
mechanical  vibration  analysis  contains  a large  amount  of  information  on 
mechanical  impedance- type  approaches.  For  example,  the  Shock  and  Vibra- 
tion Bulletin  contains  many  papers  on  applicatipn  of  mechanical  impedance 
techniques . 0-) 

Mechanical  impedance  is  'k  ratio  of  force  to  velocity.  Mechanical 
admittance,  commonly  called  "mobility,"  is  the  inverse  of  mechanical 
impedance,  i.e.,  a ratio  of  velocity  to  force.  A basic  discussion  on 
mechanical  impedance  and  mobility  can  be  found  in  Reference  2.  The  term 
■'recepta.*<ce"  is  used  to  denote  the  ratio  of  displacement  to  force.  The 
concept  of  receptance  is  discussed  in  References  2,  3,  and  4.  Additional 
discussion  on  electromechanical  analogies  are  contained  in  References  5 
and  6. 

Index  to  the  Shock  and  Vibratidn  Bulletins.  February  1968,  The  Shock  and 
Vibration  Information  Center,  Naval  Research  Laboratory,  Washington,  D.C. 

(2) 

Harris,  C.  M. , and  Crede,  C.  E,,  Shock  and  Vibration  Handbook.  Vol.  1, 
Chapter  10,  McGraw-Hill  Book  Co.,  New  York,  1961. 

(3'i 

' '^Bishop,  R.  E.  D.,  Gladwell,  G.  M.  L. , and  Mlchaelson,  S.,  The  Matrix 
Analysis  of  Vibration.  Section  5.5,  Cambridge  at  the  University  Press, 
London,  1965. 

(4) 

Bishop,  R.  E.  D, , and  Johnson,  P.  C.,  The  Mechanics  of  Vibration, 
Cambridge  at  the  University  Press,  London,  1960. 

(5) 

Crafton,  P.  A.,  Shock  and  Vibration  in  Linear  Systems,  Harper  and 
Brothers,  New  York,  1961. 

'■  'MacNeal,  R.  H.,  Electric  Circuit  Analogies  for  Elastic  Structures, 

Vol  2,  John  Wiley  and  Sons,  New  York,  1962. 
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The  term  "immittance"  has  been  used  to  represent  impedance  or  admittance. 
Mechanical  immittance  and  transmission  matrix  concepts  are  discussed  in 
References  1,  2,  and  3. 

When  a sinusoidal  force  drives  a linear  system,  the  steady  state 
response  displacements,  velocities,  and  accelerations  are  sinusoidal  at  the 
frequency  of  the  driving  force.  For  a damped  system,  the  response  is  out- 
of-phase  with  the  driving  force.  The  relationship  between  driving  force 
and  response  can  be  expressed  by  algebraic  equations  involving  complex 
numbers.  The  analysis  of  such  a system  is  called  a "frequency  response 
analysis."  The  use  of  frequency  response- type  analyses  is  implied  when 
mechanical  impedance  is  discussed.  The  frequency  response  rigid  format 
in  NASTRAN,  Rigid  Format  No.  8,  was  used  for  all  of  the  frequency  response 
analysis  conducted  during  this  program.  The  NASTRAN  theoretical  manual 
contains  a description  of  the  theory  pertaining  to  frequency  response 
analyses  (reference  4) . 

For  this  discussion  consider  first  a motor  with  one  component 
attached.  Tlie  same  reasoning  is  generalized  for  additional  components 
belo^j.  The  reason  for  using  the  mechanical  impedance  approach  is  that 
it  allows  the  clean  motor  model  (component  not  attached)  and  the  component 
model  to  be  analyzed  separately,  yet  results  are  obtained  for  the 
component-mounted- to-motor  condition.  To  make  the  analysis  exact,  the 
component  is  replaced  by  the  forces  that  it  creates  on  the  clean  motor. 

As  the  motor  is  oscillating  in  response  to  a particular  unstable 
acoustic  pressure  mode,  the  motor  proper  is  considered  to  be  acted  upon 
by  two  separate  sets  of  forces;  the  oscillating  pressure  forces  are 
applied  internally,  and  inertia  forces  due  to  the  attached  component  are 
applied  at  the  motor-component  interface  locations.  The  solution  is 
obtained  by  superimposing  effects  of  both  loading  conditions. 

The  clean  motor  model  is  analyzed  with  only  internal  pressure 
loading  applied  to  obtain  the  velocities  |Vq}  at  the  mo tor- component 
interface.  The  velocities  at  the  interface  caused  by  component 

connection  forces  {Fc}  can  be  expressed  by  using  the  motor  admittance 
matrix  [Y]  ; 

l''li  = W iFj 

The  total  velocity  {Vj.]  is  obtained  by  superimposing  the  effects  of  the 
two  loading  conditions: 

I'ti  = + l''il 


Rubin,  S.,  Review  of  Mechanical  liamicCance  and  Transmission  Concepts, 
Presented  at  the  71st  Meeting  of  the  Acoustical  Society  of  America, 
Boston,  Mass.,  June  1966. 

(2) 

Rubin,  S.,  Class  Notes  distributed  at  UCLA  Short  Course  on  Structural 
Dynamics  Analysis,  Los  Angeles,  California,  1967. 

(3) 

Rubin,  S.,  On  the  Use  of  Eight-Pole  Parameters  for  Analysis  of  Beam 
Systems,  Soc.  of  Automotive  Engineers,  Reprint  925F,  October  1964. 

(4) 

*^NASTRAN  Theoretical  Manual.  R.  H.  MacNaal  Ed.,  Scientific  and  Tecnnical 
Information  Office,  NASA  Administration,  Washington,  D.C.,  December  1972. 
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Substituting  from  above  gives 


|vj  = tv^!+  [Y]  |F^| 

The  forces  [F^]  at  the  interface  are  unknown,  but  they  can  be  expressed 
in  terms  of  the  total  velocity  by  considering  the  component  impedance 
relationship; 

[^ci  = -pc]  W 

where  [Zj  represents  the  component  impedance  matrix.  The  minus  sign 
occurs  oecause  forces  applied  to  the  component  are  equal  and  opposite 
to  those  applied  to  the  motor.  Substituting  {F^j  in  the  equation  for 
|Vj.|  gives; 

ivti  ■ i''j  - M Pci  i''ti 

Rearranging; 

\'>t\  - < [i]  + W N l''cl 

where  [l]  is  the  identity  matrix.  Each  matrix  must  be  complex  to  handle 
the  magnitude  and  phase  information  required  for  characterization  of 
damped  systems.  The  solution  represented  by  the  last  equation  given  above 
for  jVj.jmust  be  repealed  at  each  frequency  of  interest. 

Application  of  the  mechanical  impedance  method  to  this  particular 
rocket  motor  analysis  was  discussed  above  in  terms  of  forces,  velocities, 
Impedance  matrices,  and  admittance  matrices.  As  a matter,  of  convenience, 
the  program  was  actually  solved  in  terms  of  displacements  rather  tha^i 
velocities.  Adopting  another  terminology,  receptance  matrices  replace 
admittance  matrices  and  inverse  receptance  matrices  replace  Impedance 
matrices  when  displacements  are  used  in  the  place  of  velocities.  If 
is  the  receptance  matrix  for  the  motor,  and  Rj,  is  the  set  of  matrices 
representing  component  receptances,  then  the  equation  that  is  solved  can 
be  written; 


{Ut].  = [I  + R^  [U^]  (1) 

The  identity  matrix  is  denoted  I.  The  displacements  at  the  component 
connection  points  resulting  from  pressure  mode  loading  with  no  components 
attached,  is  denoted  Uq.  Then,  U|.  is  the  total  displacement  vector 
calculated  to  represent  the  response  of  the  motor  (including  components) 
at  the  component  connection  points.  For  the  Poseidon  SS  motor,  has  42  rows. 

The  receptance  matrices  are  formed  by  applying  a unit  force  at 
one  coordinate  while  all  other  forces  are  zero.  The  displacements  at  all 
component  connection  coordinates  then  form  a column  in  the  receptance 
matrix  according  to  the  equation; 

{U3  = [R]  {F}  (2) 
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Solution  of  equation  (1)  results  in  displacements  only  at  com- 
ponent connection  points.  Gome  data  recovery  operations  are  necessary 
if  displacements  at  other  points  are  desired.  If  displacements  at  Ug 
coordinates  are  desired,  after  U;p  has  been  obtained,  then  equation  (2)  can 
be  partitioned  and  solved  for  U^; 


{Ug}  = [Rg]  {F] 


(3) 


In  equation  (3),  Rg  is  part  of  the  receptance  matrix  that  corresponds  to 
the  extra  coordinates  Ug.  The  Rg  matrix  can  be  formed  at  the  same  time 
as  the  R matrix.  The  forces  F must  include  both  the  pressure  loading  and 
the  interconnection  forces.  The  most  convenient  way  to  obtain  Ug  is  to 
superimpose  (Ug)  from  the  pressure  load  with  (Ug).  resulting  from  the 
interconnection  forces.  Once  the  interconnection  displacements,  U^,  are 
obtained  from  equation  (1),  the  interconnection  forces  can  be  determined 
from: 

fF,}  = (Ui)  (4, 

Then,  superimposing: 

M = Kh  + [^^e3  tRc“^3  {%}  (5) 


Equation  (5)  defines  the  data  recovery  operations  required  to  obtain  dis- 
placements at  points  other  than  the  component  connection  points.  When 
three  components  are  attached  to  the  motor  instead  of  just  one,  then 
[R^"^)  in  equation  (1)  is  replaced  by: 


R, 


-1 


C<; 


, -1 
^C3  J 


where  the 


's  are  the  inverse  receptance  matrices  for  each  component. 


To  check  out  the  impedance  response  equation,  (1),  a very  simple 
problem  was  analyzed.  Figure  4-1  shows  a motor  model  consisting  of  six 
propellant  elements  and  six  case  elements  with  a four* element  beam  com- 
ponent model  attached.  The  response  of  the  total  model  shown  in  Figure  4-1 
was  calculated.  Loads  were  applied  in  the  centerbore  of  the  motor  model 
to  simulate  an  acoustic  pressure  mode.  A listing  of  the  NASTRAN  deck 
used  to  analyze  the  simple  model  is  given  in  Table  4-1  with  solutions 
obtained. 
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NASTRAN  DATA  DECK  LISTING  FOR  SIMPLE  MOTOR  WITH  CCMPONENT 
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»♦*  USER  INFORMATION  MESSAGE  T.07,  HULK  DATA  NOT  S0RTcp,xS0RT  WILL  RE-ORDER  DECK 


TABLE  4-1  (Gone) 
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TABLE  4-1  (Cant) 

NASTRAN  DATA  DECK  LISTING  FOR  SIMPLE  MOTOR  WITH  COMPONENT 
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To  detemine  if  the  calculated  response  given  in  Table  4-1  could 
be  duplicated  by  applying  equation  (1) , the  beam  component  model  was 
separated  from  the  motor  model  and  each  was  analyzed  separately.  This 
time  the  motor  model  was  analyzed  using  cyclic  symmetry.  The  simple  motor 
model  used  for  this  checkout  is  the  same  model  used  by  MSC  as  an  example 
for  a cyclic  s5mTmetry  solution.  The  solution  for  response  of  the  motor 
to  an  internal  load  is  discussed  in  Appendix  C.  For  the  purposes  of  this 
problem,  a DMAP  alter  was  added  to  the  cyclic  symmetry  alter  package  to 
form  the  {Uq|  vector  and  save  it  on  tape.  A listing  of  the  run  made  to 
obtain  {Uq!  including  the  DMAP  alter  is  shown  in  Table  4-II. 

The  cyclic  S3rmmetry  motor  model  was  analyzed  again  to-  calculate 
the  receptance  matrix  [Rjjj]  required  in  equation  (1).  The  analysis  was 
conducted  by  applying  unit  loads  at  each  component  connection  point  in 
each  coordinate  direction.  The  {UqI  and  [R^^]  analyses  could  have  been 
performed  more  efficiently^  by  combining  them  into  one  computer  run.  The 
run  listing  for  the  [Rjjj]  calculation  is  shown  in  Table  4-III.  Only  the 
altered  portion  of  the  executive  control  deck  is  shown.  The  [l^]  matrix 
is  saved  on  a tape. 

The  final  run  made  to  check  out  the  mechanical  impedance 
approach  served  two  purposes:  (1)  The  beam  component  model  was  analyzed 

to  obtain  the  inverse  component  receptance  matrix  , and  (2)  the 

jUjI  solution  vector  x^as  formed  by  evaluating  equation  (1).  A listing  of 
the  NASTRAN  run  used  for  the  final  calculations  is  shown  in  Table  4- IV. 

A comparison  between  the  results  obtained  by  the  direct  solu- 
tion and  by  evaluation  of  equation  (1)  is  shown  in  Table  4-V.  The 
multiplier  10"^  has  been  omitted  from  values  shown  in  the  table.  The 
ccmpariton  given  by  Table  4-V  indicates  excellent  agreement  between  the 
two  solutions. 

C.  STRUCTURAL  MODELS 

For  the  analysis  of  the  SS  Poseidon  motor,  several  different  finite 
element  models  were  created.  Models  of  the  clean  motor  (motor  with  no 
components  attached)  were  assembled  for  a zero  burn  time  and  for  an 
advanced  (4,0  second)  burn  time.  Clean  motor  models  for  the  two  burn 
times  are  shown  in  Figures  4-2  and  4-3.  Two  component  models  were  created, 
one  for  the  flight  electronics  package,  and  one  to  model  both  the  hyuraulic 
power  unit  and  the  gas  generator.  The  two  nozzle  actuators  were  each 
modeled  with  a scalar  spring.  A sketch  of  the  components  attached  to  the 
aft  adapter  ring  is  shown  in  Figure  4-4.  Dimensions  of  the  motor  are 
given  in  Figure  4-5.  Verification  of  models  was  accomplished  by  comparison 
to  mass  and  stiffness  measurements.  Acoustic  j^ressure  distributions  were 
applied  to  the  appropriate  internal  grain  igniter  and  nozzle  surfaces. 

With  acoustic  loads  applied  to  the  mathematical  models,  accelerations  and 
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**N0  ERRORS  FOUND  - EXECUTE  NASTRAN  PROSRAM*^ 


Figure  4-2.  Finite  Element  Grid  for  the  1/24  Section  Zero  Burn  Time  Model 
Poseidon  C-3  SS  motor 


Figure  4-4.  Components  Mounted  on  the  Nozzle  Adapter, 
SS  Poseidon  Aft  Dome 
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TABLE  4-V 


COMPLEX  DISPLACEMENT  VECTORS 
FOR  COMPONENT  CONNECTION  COORDINATES 


Direct  Solution 

Mechanical  Impedance 

6.639207  - 1. 7152721 

6.6393  - 1.71531 

-3.535503  + 17.24168i 

-3.5355  + 17.2421 

1.097407  + I6.52334i 

1.0973  + 16.5231 

5.462359  - 8.731442i 

5.4624  - 8.73151 

3.487139  - 16.422421 

3.4871  - 16.4221 

-1.514637  - 2.1859991 


-1.5148  - 2.18601 

displacements  were  predicted  at  several  locations  on  the  model.  Receptance 
matrices  were  calculated  and  the  total  response  was  obtained  by  evaluating 
equation  (1).  A discussion  of  the  mathematical  models,  checkouts,  model- 
ing techniques,  and  load  generation  procedures  follows. 

1.  Grid  Generation 


A grid  for  the  clean  motor  model  was  generated  for  a 1/24  sec- 
tion. The  1/24  sections  shown  in  Figures  4-2  and  4-3  have  1176  degrees 
of  freedom  in  the  solution  set,  which  is  equivalent  to  14,112  degrees  of 
freedom  in  a full  motor  model.  Figures  4-2  and  4-3  show  the  full  motor 
with  wedge  elements.  All  of  the  Task  3 analyses  were  completed  before 
the  probleiiis  with  wedge  elements  were  discovered.  Effects  of  wedge 
elements  on  the  motor  analysis  results  are  discussed  in  Appendix  G.  As 
can  be  seen  in  Figures  4-2  and  4-3,  the  1/24  grid  contains  elements 
representing  grain,  case,  igniter,  and  nozzle. 

Checkout  for  proper  operation  of  the  model  was  accomplished 
through  several  comparisons. 

2.  Checkouts  of  Models 

Because  of  the  importance  of  an  accurate  representative  case 
stiffness  for  prediction  of  displacements  and  accelerations,  substantial 
efforts  were  made  for  the  determination  of  chamber  stiffness.  The  effec- 
tive stiffness  for  a particular  panel  was  calculated  with  the  following 
procedure.  First,  the  unidirectional,  longitudinal,  transverse,  and 
shear  moduli  as  well  as  Poisson's  ratios  were  calculated  using  relationships 


established  by  Eckvall,  ^ which  have  been  demonstrated  to  be  accurate 
for  many  glass/resin  systems.  The  lamina  stiffnesses  were  rotated  to 
the  winding  angle, a-,  at  the  center  of  a particular  finite  element  panel. 
The  several  lamina  stiffnesses  were  conbined,  using  classical  laminate 
theory,  to  represent  the  total  laminate  stiffnesses.  The  effective 
laminate  stiffnesses  were  calculated,  with  a separate  computer  program, 
SQ-5,^^’^^  The  orientation  of  the  finite  element  panel  is  determined 
by  special  modules  within  KASTRAN.  For  verification  of  mechanical  stiff- 
nesses of  the  chamber,  predicted  deflections  resulting  from  pressuriza- 
tion were  compared  to  results  from  an  Independent  analysis. 

Evaluation  of  math  models  was  accomplished  through  comparison 
of  NASTRAK  deformations  and  predicted  deformations  of  an  independent 
finite  element  analysis. For  a uniform  internal  pressure  of  400  psi, 
radial  deformations  at  the  centerbore  and  case  midcylinder  were  compared. 
At  the  grain  centerbore,  the  NASTRAN  model  predicted  a radial  deformation 
of  0.342  inch,  while  an  independent  finite  element  analysis(^)  calculated 
a deformation  of  0.41  inch.  Radial  growth  at  midcylinder  of  the  NASTRAN 
model  was  predicted  to  be  0.444  inch  radial  growth,  while  another  analysis 
calculated  0.45  inch. 

NASTRAN- predicted  axial  movement  (under  400  psi  pressurization) 
of  the  forward  and  aft  adapters  of  SS  Poseidon  motor  was  compared  to 
measured  movements . Measured  movements  of  the  forward  adapter  range 
from  1.36  to  1.45  inches.  Calculated  movement,  at  the  400  psi  pressuriza- 
tion, was  1.58  inches.  For  the  aft  adapter,  measured  movements  range 
from  0.97  to  1.68  inches.  The  calculated  movement  was  1.53  inches. 


^^^Eckvall,  J.  C.,  Elastic  Property  Orthotropic  Monofilament  Laminate. 

ASME  publication  No.  61-AV-56. 

(2) 

Reed,  D.  L.  .■  Advanced  Composite  Technology  Point  Stress  Laminate 
Analysis . Report  FZM-5494  General  Dynamics,  Fort  Worth  Division, 

1 April  1970. 

(3) 

Laminate  Properties  Program.  Hercules  Computer  Program  62113,  8 July 
1969. 

(4) 

' '^Structural  and  Thermal  Analysis  Final  Report.  SE025-A2A00HTJ-2 , Hercules 
Incorporated,  November  1970,  pp.  4-57. 

^^^Summary  of  Hydrotest  Results,  Ref.  17-10203/5/40-74. 
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The  NASTRAN  finite- element  model  for  the  nozzle  and  nozzle  bucket 
was  checked  out.  The  total  model  weiLght  was  412,7  pounds.  This  compares 
well  with  the  nominal  425  pound  nozzle  and  bucket  weight.  The  movable 
portion  of  the  model  has  a weight  of  307,8  pounds.  Model  pitch  and  yaw 
moments  of  inertia  are  both  17.5  slug-ft^,  compared  with  a nominal 
17.9  slug-ft^.  A nominal  roll  moment  of  inertia  was  not  available  for 
comparison.  The  model  center  of  gravity  (CG)  is  located  at  missile 
station  (MS)  270.39,  compared  with  a nominal  CG  location  of  MS  270.58. 

It  is  thus  concluded  that  the  NASTRAN  nozzle  model  provides  a reasonably 
accurate  mass  and  inertia  representa(;ion.  Similar  comparisons  for  the 
total  motor  and  for  the  grain  alone  showed  equally  good  agreement  between 
model  mass  and  measured  or  nominal  values. 

3.  Data  Decks 


Three  distinct  types  of  data  decks  were  used  in  the  analysis  of 
the  clean  motor  and  components  of  the  SS  Poseidon  rocket  motor.  The 
data  decks  were  used  to:  (1)  Calculate  and  R^  (Table  4-VI) , (2)  calcu- 

late Rc"^  (Table  4-Vlt),  and  (3)  read  U^,  R^,  and  the  R^"l  matrices  from 
tape,  and  evaluate  equation  (1)  to  obtain  11^..  Details  of  the  calculations 
were  given  above  under  the  heading  of  Approach, 

Each  time  a solution  was  calculated  for  one  load,  24  subcases 
were  required  because  a 1/24  segment  of  the  model  was  used.  A total  of 
1032  subcases  were  used  in  the  clean  motor  model.  The  motor  was  divided 
into  12  parts,  each  of  which  contained  a left  and  right  segment.  The 
result  was  a 1/24-grid  section  of  a motor.  Appendix  C contains  details 
of  the  modeling  procedure.  A typical  bulk  data  dock  for  the  dean  motor 
is  shown  in  Table  4-VIII. 

V 

4 . Load  Generation 


Because  the  acoustic  pressure  oscillation  is  the  source  of 
vibration,  care  was  taken  to  accurately  represent  the  pressure  distribu- 
tion in  the  centerbore.  Acoustic  pressure  distributions  have  been 
described  in  the  Task  II  report  (Appendix  B).  Tl:e  pressure  longitudinal 
and  tangential  acoustic  modes  for  vibrational  analyses  were  applied  alonR 
the  centerbore  of  the  model.  For  each  finite  element  panel,  the  acoustit 
pressure  at  the  center  was  used  to  represent  the  pressure  distribution. 
The  equivalent  vector  nodal  forces  were  computed  by  NASTRAN  and  punched 
onto  DAREA  cards  for  vibrational  analyses. 

A description  of  the  Task  3 analyses  has  been  presented  in  this 
section.  Results  from  the  analyses  as  well  as  an  evaluation  of  the 
results  and  conclusions  are  contained  in  Section  VI,  Evaluation  of  Che 
Baseline  Motor  Analysis. 
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SECTION  V 


TASK  4 - STRUCTURAL  RESPONSE  TESTING  USING  ACOUSTIC  EXCITATION 

Solid  rocket  motor  acoustic  pressure  oscillations  that  occur  during 
motor  operation  cause  structural  vibrations  that  can  be  measured  and 
recorded  by  accelerometers,.  However,  analysis  of  typical  accelerometer 
data  indicates  that  the  stiucture  is  probably  responsing  to  several  dif- 
ferent loads  during  motor  operation  time.  Determination  of  the  portion 
of  the  measured  response  which  is  due  to  acoustic  pressure  oscillations 
and  that  portion  which  is  due  to  other  forcing  functions  is  sometimes 
difficult.  Another  factor  to  be  considered  in  interpretation  of  motor 
static  firing  or  flight  data  is  the  large  motor- to-motor  variability  in 
the  data  as  discussed  under  Task  I,  Section  II. 

The  objective  of  the  experimental  work  described  in  this  section  was 
to  measure  the  structural  response  of  a solid  rocket  motor  to  a knpwn 
loading  distribution.  This  experiment  was  intended  to  provide  "clean" 
data  (by  comparison  to  hot  firing  data) , for  evaluation  of  analytical 
models . 

Use  of  experimental  data  from  the  program  had  the  following  advantages 
over  accelerometer  data  from  static  firing  for  evaluation  of  finite  element 
models: 


(1)  The  measured  response  of  the  motor  structure  represents 
the  response  to  a single  well-defined  forcing  function; 
whereas,  static  firing  data  contain  response  information 
for  several  ill-defined  forcing  functions. 

(2)  Since  the  testing  was  conducted  under  carefully  controlled 
laboratory  conditions,  variability  in  the  data  for  repeated 
test  sequences  was  small;  whereas,  the  variability  in 
accelerometer  data  from  motor  firing  tests  is  large, 

(3)  Measurement  and  mapping  of  the  acoustic  mode  shapes  resulted 
in  good  definition  of  the  loading  distributions;  whereas, 
motor  static  firing  tests  typically  have  only  one  pressure 
measurement  made  at  one  location. 

(4)  Use  of  double-backed  adhesive  tape  and  a movable  accelerometer 
made  possible  the  mapping  of  structural  response  mode  shapes 
in  considerable  detail.  Because  data  channels  are  limited 

in  number,  only  four  to  six  accelerometers  are  normally 
recorded  during  a routine  static  firing.  Even  specially 
instrumented  motors  generally  have  only  one  to  two  dozen 
accelerometer  measurements. 
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Results  from  this  testing  program  were  intended  to  complement  static 
fifing  data  rather  than  replace  it  for  use  in  evaluation  of  analysis  results. 
Filtering  and  other  data  reduction  techniques  were  used  to  obtain  meaning- 
ful comparisons  between  analytical  results  and  static  firing  data. 

The  following  shortcomings  were  associated  with  the  testing  program: 

(1)  The  applied  loads  and  corresponding  responses  are  of  very 
small  magnitude  compared  to  those  that  occur  during  motor 
operation.  Therefore,  nonlinearities  are  unaccounted  for 
by  this  test  procedure. 

(2)  Dynamic  properties  of  the  inert  propellant  (HDLK)  were  not 
the  same  as  those  of  the  live  propellant  (FKM) . 

(3)  Boundary  conditions  used  for  the  acoustics  testing  do  not 
exactly  match  those  of  the  static  firing  or  flight  test 
conditions. 

In  spite  of  these  shortcomings,  the  testing  program  produced  useful  motor 
response  data. 

The  objective  was  achieved  by  measuring  the  I’esponse  of  an  inert 
Poseidon  C-3  second  stage  motor  to  acoustic  excitation  provided  by  a 
loudspeaker  in  the  motor  combustion  cavity.  The  cone-type  loudspeaker  was 
placed  in  the  centerbore  of  the  motor.  An  oscillator  was  attached  to  the 
loudspeaker  through  an  audio  amplifier.  Frequency  sweeps  were  conducted 
by  varying  the  oscillator  frequency  in  the  range  from  0 to  1000  Hz.  A 
microphone  was  placed  in  the  combustion  cavity  to  monitor  pressure  oscilla- 
tion amplitudes.  The  microphone  was  mounted  on  a shaft  that  could  be 
moved  along  the  motor  centerline  to  map  the  acoustic  pressure  mode  shapes. 

An  accelerometer  was  used  on  the  motor  structure  and  components  to  map 
structural  mode  shapes. 

The  motor  was  pressurized  to  50  psi  so  that  the  dome  of  the  case 
would  be  forced  out  away  from  the  propellant  grain.  Nitrogen  gas  was 
used  to  pressurize  the  motor  for  most  of  the  testing;  however,  some 
studies  were  made  using  helium  gas  to  change  the  frequency  at  which 
various  acoustic  modes  occurred.  Since  structural  natural  fre<jiencies 
remain  constant,  variation  of  the  acoustir.  natural  frequencies  simplified 
the  problem  of  separating  structural  resononce  from  acoustic  resonance 
in  the  test  data. 

Two  types  of  tests  were  conducted:  (1)  Frequency  response,  and 

(2)  mode  mapping.  The  frequency  response  tests  were  conducted  by  record- 
ing the  accelerometer  output  on  an  x-y  plotter  while  the  frequency  was 
varied  slo?'/ly  over  a certain  frequency  range.  The  accelerometer  was  then 
moved  to  another  point  and  the  frequency  response  test  repeated.  By 


examining  results  from  the  frequency  response  tests,  major  resonance  fre- 
quencies were  selected  for  mode  shape  mapping.  The  mode  shape  mapping 
was  conducted  by  turning  the  oscillator  to  a particular  frequency  and  then 
moving  the  accelerometer  from  one  structural  point  to  another  to  map  the 
mode  of  response.  The  accelerometer  signal  amplitude  and  phase  were 
recorded  at  each  point. 

Results  from  this  experimental  project  are  presented  by  way  of  fre- 
quency response  plots  and  mode  shape  plots.  The  acoustic  cavity  resonances 
compare  well  with  those  determined  previously  by  test  and  by  analysis.  No 
data  were  available  for  evaluation  of  the  structural  response  results. 

The  testing  report  that  discusses  the  test  setup,  procedure,  and  results 
is  presented  in  Appendix  D. 


5-3 


SECTION  VI 


TASK  5 - BASELINE  MOTOR  ANALYSIS  EVALUATION 

The  purpose  of  Task  5 was  to  compare  analysis  results  with  experimental 
results,  and  to  make  a judgment  on  the  adequacy  of  the  analysis  results 
based  on  the  error  limits  defined  in  Task  1,  Two  types  of  experimental 
results  were  used  in  evaluating  the  accuracy  of  the  analytical  results: 

(1)  Accelerometer  data  from  static  firings,  and  (2)  structural  response 
data  from  the  Task  4 testing.  The  accelerometer  data  comparisons  are 
basically  comparisons  between  calculated  and  measured  magnitudes.  The 
Task  4 response  data  comparisons  are  basically  mode  shape  comparisons. 

Each  evaluation  is  discussed  separately  and  more  detail  is  given  in  the 
Task  5 final  report  included  as  Appendix  E. 

A.  COMPARISONS  WITH  TASK  4 COLD  GAS  TEST  RESULTS 

A typical  comparison  between  NASTRAN  model  calculated  response  and 
Task  4 measured  response  is  shown  in  Figure  6-1.  Both  mode  shapes  shown  in 
the  figure  have  been  normalized  to  have  a maximum  deformation  of  unity. 

The  general  shapes  of  the  modes  shown  in  Figure  6-1  are  similar  (each  shape 
has  only  one  crossover  from  positive  to  negative  deformation).  Other  than 
the  general  similarities,  the  mode  shapes  do  not  show  good  agreement,  Addi- 
tional  aft  dome  mode  shape  comparison  plots  may  be  found  in  the  August  20, 
1974  monthly  report  also  included  in  Appendix  G. 

The  work  of  Phase  II,  discussed  in  Section  VII,  may  provide  some 
insight  into  the  reasons  for  lack  of  agreement  between  measured  and  calcu- 
lated dome  mode  shapes.  The  fact  that  the  mode  of  response  is  very  dependent 
on  the  loading  distribution  was  illustrated  during  Phase  II  of  the  program. 
Since  the  mode  shapes  in  Figure  6-1  are  not  in  good  agreement,  the  corres- 
pondence between  load  distributions  is  questionable. 

In  Task  4,  the  shape  of  the  pressure  mode  along  the  centerbore  was 
measured  with  reasonable  accuracy  and  a corresponding  pressure  distribution 
was  applied  along  the  centerbore  of  the  NASTRAN  model.  Likely  problem  areas 
are  the  cavities  between  the  domes  and  the  grain.  Since  both  domes  in  the 
second  stage  Poseidon  motor  are  unbonded,  dome  cavities  are  formed  when  the 
chamber  is  pressurized  causing  the  domes  to  move  out  away  from  the  grain. 

The  pressure  distribution  in  the  cavities  was  not  measured  in  Task  4. 

Scalar  springs  were  used  in  the  NASTRAN  model  in  place  of  a cavity  pressure 
distribution.  There  is  no  reason  to  expect  the  equivalent  pressure  distri- 
bution applied  to  the  dome  by  the  scalar  springs  to  simulate  the  actual 
pressure  distribution  in  the  dome  cavity.  The  forces  in  the  scalar  springs 
are  determined  by  the  relative  motion  between  the  domes  and  the  grain, 

* whereas  the  actual  acoustic  mode  pressure  distribution  is  a function  of 

dome  cavity  geometry  and  the  coupling  between  dome  cavity  and  main  combustion 
cavity.  Poor  simulation  of  dome  cavity  pressure  distributions  is,  therefore, 
a likely  contribution  to  poor  agreement  between  measured  and  calculated 
, mode  shapes. 
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Task  4 Testing 


Another  possible  reason  for  the  poor  mode  shape  agreement  has  to  do  ' 
with  the  characteristics  of  the  NASTRAK  finite  element  model.  Work  in  : 

Phase  II  indicated  that  the  use  of  a 15  degree  grid  slice  may  result  in  a 
grid  too  coarse  to  accurately  represent  the  dome  modes.  A comparison 
between  dome  modes  calculated  for  a 5°  and  15°  slice  is  shown  in  Figure  6-2. 
The  5°  slice  should  provide  the  most  accurate  results  because  the  circular 
motor  geometry  is  more  accurately  modeled  by  a series  of  5°  segments. 

The  first  natural  mode  shapes  shown  in  Figure  6-2  have  similar  shapes 
for  both  the  5°  and  15°  grids , but  the  frequency  is  in  error  by  about  10 
percent  for  the  15°  grid.  The  second  mode  shapes  are  also  similar,  but  the  , 
frequency  of  304  Hz  for  the  15°  grid  is  considerably  larger  than  the  251  Hz 
calculated  for  the  5°  grid.  Higher  frequency  mode  shapes  appear  to  show 
greater  differences  in  shape  and  in  frequency. 

The  mode  shape  in  which  a structure  responds  depends  on  both  the  load 
distribution  and  the  frequency  of  load  application.  In  the  model,  the 
dome  probably  responds  to  the  force  distribution  applied  by  the  scalar 
springs  and  the  radial  motion  at  the  Y-joint.  The  radial  motion  at  the 
Y-joint  probably  tends  to  excite  the  natural  modes  nearest  the  forcing  fre-  , 
quency  that  have  some  modal  deformation  in  a radial  direction  at  the  Y-joint. 
The  spring  forces  tend  to  excite  modes  that  are  shaped  most  similar  to  the 
distribution  of  forces  in  the  scalar  springs.  A response  mode  shape  may  be 
made  up  of  the  sum  of  various  natural  mode  shapes  in  the  manner  that  a 
Fcurier  series  uses  a sum  of  sinusoidal  waves  to  represent  a more  complex  ; 
wave.  The  measured  mode  shape  shown  in  Figure  6-1  appears  to  contain  com- 
ponents of  the  f4>  and  fg  mode  shapes  for  the  5°  slice  shown  in  Figure 
6-2,  based  on  the  location  of  the  major  bulge  in  the  measured  mode  shape, 

A significant  difference  between  the  actual  rocket  motor  and  the  finite 
element  model  is  probably  due  to  the  fact  that  the  actual  motor  respc-ids 
to  the  acoustic  pressure  distribution  in  the  dome  cavities  rather  than  to 
forces  in  scalar  springs.  From  this  discussion,  it  is  concluded  that  dome 
response  is  a rather  complex  function  of  model  characteristics  (natural  ^ 
mode  shapes),  and  applied  loading  distributions,  and  that  the  differences 
between  the  5°  slice  model  and  the  15°  slice  model  could  account  for  some 
of  the  difference  between  measured  and  calculated  modes  in  Figure  6-1, 

B.  COMPARISONS  WITH  ACCELEROMETER  DATA 

During  Task  2,  a detailed  analysis  was  performed  on  data  from  a 
representative  aft  dome  accelerometer  (AC-250).  The  analyzed  data  were 
obtained  from  the  static  firings  of  Poseidon  second  stage  motors  SP-0131 
and  SP-0160.  Results  from  the  data  analyses  are  plotted  in  the  Task  2 
report  in  Appendix  B.  Acceleration  levels  are  plotted  as  a function  of 
time  for  several  frequencies  of  interest.  Each  frequency  range  of  interest 
was  mapped  by  covering  the  frequency  range  in  increments  of  10  Hz.  The 
analyser  were  conducted  by  playing  accelerometer  data  from  the  FM  tape 
through  a Quantech  frequency  analyzer,  i 
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Identification  of  the  characteristic  motor  frequencies  was  simplified 
by  the  curves  shown  in  Appendix  B (Figures  10  through  19) . The  curves  also 
show  that  measured  response  at  early  times  occurs  over  a broad  frequency 
band.  The  significance  of  broad  band  noise  in  the  accelerometer  signal  is 
that  care  must  be  taken  in  interpreting  the  data  for  comparison  with  results 
from  NASTRAN  analyses.  In  the  NASTRAN  analyses,  a single  frequency  (purely 
sinusoidal)  load  was  applied  and  the  model  responded  only  at  the  forcing 
frequency.  Therefore,  accelerometer  data  that  show  the  response  to  a pure 
sinusoidal  pressure  oscillation  would  be  desirable  for  use  in  comparison 
with  NASTRAN  analysis  results.  The  aft  dome  accelerometer  data  analyzed 
during  Task  2 were  not  "clean".  Therefore,  data  filtering  techniques  were 
employed  ,>,n  an  effort  to  isolate  only  the  portions  of  the  signals  that 
occurred  at  the  frequencies  of  interest.  Significant  errors  in  magnitude 
occur  when  a composite  (unfiitered)  accelerometer  response  is  used  in  place 
of  the  filtered  signal. 

The  curves  shown  in  Figure  6-3  illustrate  the  reduction  in  magnitude 
that  can  occur  when  data  are  filtered.  The  top  curve  of  the  figure  is 
essentially  unfiltered  response  data.  The  middle  curve,  obtained  using  a 
100  Hz  bandwith  filter  has  considerably  reduced  amplitudes.  The  reduction 
in  amplitude  is  typical  for  filtered  broad  band  or  random  vibration  data. 

To  obtain  data  for  evaluation  of  the  NASTRAN  analyses,  accelerometer 
records  from  three  different  motor  static  firings  were  analyzed.  A report 
on  the  data  analysis  is  included  in  Appendix  G,  the  Task  5 report  issued 
with  the  December  20,  1974  monthly  status  report,  Tlie  Task  5 report  in 
Appendix  G contains  curves  showing  filtered  pressure  gage  response  and 
corresponding  filtered  accelerometer  response.  Both  the  10  Hz  and  the  100 
Hz  filter  bandwidths  were  used.  Although  a typical  acoustic  mode  has  a 
shifting  frequency,  fixed  frequencies  that  matched  the  NASTRAN  analysis 
frequencies'  were  used  in  the  accelerometer  data  analysis. 

l-fhen  an  acoustic  mode  at  the  analysis  frequency  is  present  in  the 
motor,  the  curves  representing  pressure  as  a function  of  time  exhibit  peaks. 
For  the  three  motors  included  in  the  study,  a special  Kistler  pressure  gage 
was  used  to  measure  the  pressure  oscillation  amplitudes.  By  plotting 
filtered  accelerometer  response  on  the  same  graph  as  pressure  gage  response, 
it  was  easy  tr  read  off  the  acceleration  response  (in  g's)  corresponding  to 
a particular  pressure  oscillation  peak  (in  psi).  To  present  the  data  in 
a compact  form,  the  acceleration  responses  were  normalized  by  dividing  peak 
value«  by  the  corresponding  peak  pressure  amplitude  levels  to  obtain  (g's/ 
psi),  A table  showing  the  resulting  (g's/psi)  is  shown  in  the  Task  5 
report  in  Appendix  G. 

The  NASTRAN  analyses  resulted  in  the  response  displacements  and  accelera 
tions  at  the  component  attachment  points  (the  usual  static  firing  instru- 
mentation for  the  Poseidon  SS  motor  does  not  include  aft  dome  accelerometers) 
Accelerometers  AC -250  and  AC -261  were  located  on  the  nozzle  adapter  near 
component  attachment  points.  The  rationale  used  in  comparing  static  firing 
data  and  NASTRAN  analysis  results  is  given  in  the  Task  5 Final  Report  of 
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Appendix  E.  The  comparisons  made  in  the  Task  5 Final  Report  are  reproduced 
in  Tables  6-1  and  6-II  for  easy  reference. 


TABLE  6-1 

COMPARISON  BETWEEN  STATIC  FIRING  DATA 
AND  NASTRAN  ANALYSIS  RESULTS 


Acceleration  Response  (g's/psi) 

For  Unit  Head  End  Pressure  Amplitude 


Frequency 

(Hz) 

Analysis  Results 
for  Point  [(^1 

AC-250  Static 
Firing  Data 

Analysis  Res^ 
For  Point 

ult 

tD 

s 

AC-261  Static 
Firing  Data 

281 

0.74 

-- 

0.29 

23.38 

634 

2.09 

1.45  to  3.14 

1.53 

1.71 

668/680* 

5.10 

1.57  to  3.05 

3.21 

0.79  to  2.43 

770 

2.01 

2.95 

1.23 

2.00 

1327 

1 

2.69 

1.86  to  5.39 

0.68 

1.05  to  1.87 

*The  NASTRAN  analysis  was  conducted  at  668  Hz,  The  static  firing 
data  analysis  was  erroneously  conducted  at  680  Hz. 


TABLE  6 -II 

EVALUATION  OF  ANALYSIS  RESULTS  USING 
ERROR  LIMIT  FACTOR  1.94(1) 
(Acceleration  Levels  in  g's) 


Calculated 

Frequency 

(Hz) 

1.94  X 1 

0 

281 

1.46 

634 

4.05 

668/680 

9.89 

770 

3.90 

1327 

5.22 

Maximum 

Calculated 

Maximum 

Measured 

Measured 

AC -250 

1.94  X 

AC -261 

__ 

0.56 

23.38 

3.14 

2.97 

1.71 

3.05 

6.23 

2.43 

2.95 

2.39 

2.00 

5.39 

1.32 

1.87 

(1)  Tables  6-1  ana  6-II  were  taken  from  the  Task  5 Final  Report  - refer 
to  Appendix  E. 
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In  Table  6-1,  calculated  values  are  compared  wit^  the  range  of  measured 
values.  In  Table  6-II,  a factor  of  1.94  is  applied  to  the  calculated  values 
for  comparison  with  the  maximum  measured  acceleration  values  in  accordance 
with  the  error  limits  established  under  Task  1.  The  comparison  is  favorable 
to  the  analysis  results  as  calculated  values  either  approximate  or  exceed 
maximum  measured  values  in  each  case  except  one.  The  exception  is  the 
23.38  ,g’s  measured  by  AC-261  at  281  Hz.  No  reason  has  been  found  for  the 
large  discrepancy  between  the  measured  and  calculated  response  at  281  Hz. 

The  measurement  at  281  Hz  was  available  from  only  one  motor  at  one  location. 
Similar  measurements  should  be  made  on  future  static  firings  to  establish 
that  23  g’s  is  a representative  response  at  281  Hz. 
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SECTION  VII 


PHASE  II  - SIMPLIFIED  MODELS 

Phase  II  of  the  program  was  conducted  to  develop  simplified  modeling 
techniques.  Changes  in  grid  refinement  and  the  use  of  a half  motor  model 
were  studied  as  possible  modeling  simplifications.  In  addition,  a study 
of  scalar  springs  was  conducted.  The  scalar  spring  study  was  intended  to 
provide  some  insight  into  the  general  behavior  of  the  motor  model.  It  was 
reasoned  that  modelihg  simplifications  would  be  easier  to  develop  when  the 
model  behavior  was  better  understood. 

Phase  II  consisted  of  three  tasks: 

Task  6 r Selection  of,  Sim.plified  .Modeling  Techniques 

Task  7 - Analyses  Using  Simplified  Models 

Task  8 - Evaluation  of  Simplified  Model  Analyses 

All  three  tasks  are  covered  in  this  section  of  the  r’'-port.  In  Task  6, 
several  options  for  simplified  models  were  proposed  to  AFRPL,  The  three 
studies  covered  in  this  section  were  selected  by  AFRPL.  The  work  of 
analyzing  the  simplified  models  was  performed  under  Task  7.  The  work  of 
Task  8 consisted  of  writing  a Task  8 Final  Report  to  document  the  simpli- 
fied analyses  and  to  evaluate  the  results.  The  work  of  Phase  II  is  reported 
in  detail  in  the  Task  8 Final  Report  which  is  included  as  Appendix  F.  This 
section  includes  only  brief  comments  on  each  of  the  three  main  studies, 

A.  HALF  MOTOR  MODEL 

The  decision  on  whether  or  not  to  uso  a half  motor  model  for  a 
particular  situation  was  left  to  the  analyst.  To  provide  background  data 
and  assist  the  analyst  in  making  a decision,  comparative  results  were  given 
showing  how  a half  motor  model  responds  compared  to  a full  motor  model.  In 
addition,  the  use  of  different  boundary  conditions  and  the  corresponding 
modeling  implications  were  discussed.  The  conclusion  was  reached  that,  in 
general,  a full  motor  model  is  to  be  preferred  even  if  half  of  the  model  is 
very  coarse. 

B.  SCALAR  SPRING  STUDY 

The  scalar  spring  study  was  performed  to  investigate  the  effects  of 
using  scalar  springs  in  the  dome  cavities  to  represent  the  combustion 
gases.  Originally,  scalar  springs  were  used  because  of  a work  statement 
requirement.  The  probable  intent  of  the  work  statement  was  that  scalar 
springs  be  used  only  when  unbonded  dome  cavities  are  sealed  off  from  the 
main  combustion  cavity,  as  in  the  case  of  the  third  stage  Minuteman  III 
motor.  Because  the  intent  of  the  work  statement  was  misunderstood,  scalar 
springs  were  used  in  the  dome  cavities  of  the  Poseidon  second  stage  motor 
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model.  The  conclusion  that  scalar  springs  should  not  be  used  to  model  dome 
gases  in  motors  similar  to  the  Poseidon  was  made  at  the  end  of  the  study. 

The  most  beneficial  part  of  the  scalar  spring  study  was  the  insight 
gained  into  general  dome  structural  dynamic  behavior.  In  particular,  the 
study  of  the  radial-to-axial  mption  transfer  and  the  study  of  dome  response 
to  different  load  distributions  provided  results  of  interest. 

C.  GRID  REFINEMENT  STUDY 

The  grid  refinement  study  was  conducted  in  an  effort  to  relate  the 
refinement,  used  in  a finite  element  grid  with  the  highest  frequency  for 
which  the  grid  would  provide  reasonably  accurate  results.  The  study 
resulted  in  a better  understanding  of  the  relationship  between  response 
mode  shapes  and  loading  distributions,  as  well  as  loading  frequencies. 

It  was  proposed  to  use  the  number  of  nodes  that  are  available  to  form 
a.  half  wave  in  the  mode  shape  as  a measure  of  mode  shape  quality.  A beam 
model  was  used  to  show  that  natural  mode- shapes  and  natural  frequencies,  are 
probably  sufficiently  accurate  when  three  nodes  are  available  to  form  each 
half  wave  of  the  deformed  shape.  Some  accuracy  is  lost  when  only  two 
nodes  define  a half  wave  in  the  mode  shape  and  one  node  per  half  wave  is 
definitely  undesirable.  To  apply  this  criterion  to  a-  three-dimensional 
structure,  the  mode  shape  in  various  convenient  planes  (such  as  radial-axial 
or  radial-tangential  planes)  must  be  examined. 

When  a real  eigenvalue  analysis  is  performed,  natural  frequencies  and 
mode  shapes  are  obtained.  The,  higher  frequency  modes  always  have  more 
closely  spaced  waves,  (deformation  waves  .of  shorter  wave  length).  Inspnc- 
tion  of  the  mode  shapes  to  determine  which  modes' have  less  than  three  nodes 
per  half  wave  is  usually  an  easy  matter.  Therefore,  the  frequency  at  which 
unacceptable  mode  shapes  are  obtained  is  easily  determined  for  real  eigen- 
value analyses.  Results  indicated  that  the  aft  dome  model  for  the  Poseidon 
SS  was  accurate  at  frequencies  up  to  400  to  500  Hz  for  real  eigenvalue 
analyses.  The  grain  becomes  inaccurate  at  lower  frequencies,  possibly  200 
to  300  Hz. 

The  valid  frequency  range  for  a finite  element  grid  used  in  frequency 
response  analyses  is  not  the  same  as  that  for  a grid  used  for  real  eigenvalue 
analyses.  Apparently,  the  concept  of  relating  the  usefulness  of  the  grid 
to  a particular  maximum  frequency  is  not  applicable  for  frequency  response 
analyses.  A maximum  useful  frequency  cannot  be  assigned  to  a particular 
grid  because  the  mode  of  response  can  depend  heavily  on  the  load  distribu- 
tion as  well  as  on  the  load  frequency.  For  an  undamped  structure,  the 
response  may  always  be  in  exactly  one  mode  if  the  loading  distribution 
exactly  matches  the  mode  shape,  no  matter  what  forcing  frequency  is  applied. 
In  a more  practical  situation  where  the  load  distribution  does  not  exactly 
match  any  natural  mode,  the  mode  of  response  is  determined  by  a combination 
of  the  load  distribution  and  the  applied  load  frequency. 
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The  grain  surface  along  the  centerbore  of  the  motor  was  shown  to 
deform  with  four  separate  half  waves,  (Appendix  F,  Figure  2j) , in  response 
to  the  third  longitudinal  acoustic  mode  at  770  Hz.  Since  only  two  nodes 
were  available  to  define  the  first  half  wave  and  che  last  half  wave,  the 
grid  refinement  would  be  judged  as  marginal  for  this  analysis.  It  should 
be  noted  that  the  valid  frequency  for  the  grain  model  in  a frequency  response 
analysis  is  considerably  larger  than  that  quoted  above  for  a real  eigenvalue 
analysis.  The  high  valid  frequency  range  occurs  because  the  load  distribu- 
tion does  not  excite  the  higher  frequency  natural  modes. 

Based  on  this  grid  refinement  study,  the  accuracy  of  frequency  response 
results  obtained  from  a finite  element  model  should  be  evaluated  by  examin- 
ing the  response  mode  shape.  If  three  or  more  nodes  are  available  to 
define  each  half  wave  of  the  deformed  shape,  then  the  model  probably  con- 
tains reasonable  refinement  for  that  particular  analysis, 
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SECTION  VIII 


PHASE  Iir  - VERIFICATION,  MOTOR  ANALYSIS 

This  section  oh  analysis  of  the  verification  motor  has  been  organized 
as  follows: 

(1)  Introduction 

(2)  Approach 

(3)  Models 

(4)  Closed  Envelope  Predictions 

(5)  Evaluation  of  Verification  Motor  Analysis 

The  complete  structural  dynamics  verification  motor  analysis  is  discussed 
in  this  section. 

Phase  III  of  the  program  was  designed  to  provide  a check  on  modeling 
techniques  selected  on  the  basis  of  the  Phase  I and  Phase  II  analyses. 

The  Minuteman  III  third  stage  motor,  which  was  manufactured  by  the  Aerojet 
Solid  Propulsion  Company,  was  selected  as  the  motor  to  be  analyzed  for 
verification  of  the  applicability  of  the  proposed  modeling  techniques.  The 
attributes  of  the  Minuteman  third  stage  motor  that  make  it  well  suited  as  a 
verification  motor  were  covered  in  the  Task  1 Final  Report  (Appendix  A).  Two 
of  the  major  advantages  of  using  the  Minuteman  III  motor  were  considered  to 
be;  (1)  The  motor  design  was  typical  of  present  and  probable  future  upper 
stage  ballistic  missile  motors,  and  (2)  a considerable  amount  of  acceler- 
ometer data  was  available. 

A.  APPROACH 

The  basic  approach  used  was  the  same  as  that  used  for  tne  baseline  motor 
analysis  as  explained  in  Section  IV.  Only  the  significant  differences  in 
approach  are  discussed  in  this  section. 

The  Minuteman  motor  has  six  slots  in  the  propellant  grain.  Using  the 
dihedral  symmetry  option  in  the  cyclic  symmetry  procedure,  a 30  slice  model 
was  required  to  represent  the  motor.  Use  of  case  element.s  with  a 30° 
included  angle  was  shown  to  produce  inaccurate  results  in  Phase  II.  Therefore, 
the  30°  slice  was  constructed  by  using  two  15°  slices.  Since  two  slices  were 
required  in  the  model,  a reduction  in  the  number  of  degrees -of -freedom  per 
slice  was  necessary  to  maintain  reasonable  computer  run  times,  A trial  run 
with  the  two  slice  model  required  180  minutes  (CPU)  time  using  a 600K  core 
on  the  Hercules  IBM  370  model  155  computer.  The  trial  run  produced  the 
total  solutions  for  s:x  unit  loads  applied  at  a component  connection  point. 

All  values  of  the  cyclic  symmetry  K index  were  used  in  the  trial  run. 
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Pun  time  for  the  trial  run  was  judged  to  be  excessive.  To  reduce  such 
time,  one  of  the  15°  slices  was  removed  from  the  model.  Removing  the  slice 
had  the  effect  of  increasing  the  number  of  slots  in  the  motor  model  from 
6 to  12.  Run  time  for  the  12  slot  model  was  about  90  minutes  CHJ  time. 

The  propellant  grain  cannot  carry  any  load  in  the  hoop  (tangential) 
direction  in  the  slutted  area.  The  lack  of  load -carrying  capacity  is  the 
same  for  6 or  12  slot  designs.  The  radial  and  axial  load  carrying  capacity 
of  the  grain  in  the  slotted  area  shocld  also  be  about  the  same  for  6 or  12 
slot  models.  Ther  fore,  the  load  carrying  capacity  of  the  6 and  12  slot 
models  should  be  approximately  the  same.  In  addition,  structural  response 
in  an  area  of  the  motor  removed  from  the  slotted  area  should  be  quite 
similar  for  both  6 and  12  slot  models.  This  rationale  was  used  to  justify 
the  use  of  a 12  slot  model  in  place  of  the  original  6 slot  model.  The 
reasoning  was  based  on  equivalent  loads  being  applied  to  both  models.  An 
effort  was  made  to  apply  loads  to  the  12  slot  model  that  would  simulate 
those  applied  to  the  6 slot  model.  Loads  were  applied  in  all  slots  in  the 
hoop  directions  according  to  the  slot  surface  areas  and  local  pressure 
levels.  For  the  tangential  modes,  a hoop  variation  in  pressure  according 
to  PCos  G was  used.  Radial  and  axial  pressure  variations  were  obtained 
from  acoustic  mode  analysis  results.  Radial  and  axial  loads  applied  in 
the  slotted  area  were  based  on  assumed  exposed  surface  areas.  To  simulate 
the  6 slot  model,  every  other  slot  was  assumed  to  he  iQ  zero  exposed  surface 
area  for  application  of  radial  and  axial  loads.  Thus,  except  for  the  hoop 
direction  loading,  the  12  slot  model  was  loaded  as  a 6 slot  model  would 
have  been  loaded. 

The  use  of  a 12  slot  model  to  represent  a 6 slot  motor  is  considered 
to  be  a modeling  simplification.  Unfortunately,  this  simplification  was 
neither  investigated  nor  evaluated  in  Phase  II.  A comparison  between  the 
6 and  12  slot  model  responses  to  a unit  load  at  a component  attach  point 
showed  very  little  difference  between  the  two  models.  A comparison  of 
responses  to  an  acoustic  mode,  preferably  a tangential  mode,  would  have 
been  more  meaningful,  but  pressure  loads  were  never  obtained  for  the  6 slot 
model.  The  6 and  12  slot  model  configurations  are  shown  in  Figure  8-1. 

The  receptance  matrices  were  calculated  in  a somewhat  different  way 
than  those  calculated  for  the  Poseidon  second  stage  motor.  In  an  effort 
to  reduce  computer  run  times,  the  unit  load  solutions  required  in  forming 
the  receptance  matrices  were  obtained  from  loads  only  applied  at  one 
component  connection  point.  Six  unit  loads,  one  in  each  coordinate  direc- 
tion (rotations  and  translations),  were  applied  at  the  component  connection 
point  in  Section  IR  (Figure  8-1).  Matrix  partitioning  and  merging  opera- 
tions were  then  used  to  rotate  the  results  to  apply  at  other  component 
connection  points, 

A unit  force  in  the  radial  direction  at  the  component  connection  point 
in  Section  2R  should  result  in  approximately  the  same  radial  displacement 
that  would  result  at  the  component  connection  point  in  section  IR  due  to  a 
unit  radial  load  applied  at  IR.  That  is,  a radial  unit  load  applied 


anywhere  around  the  circumference  of  the  motor  should  cause  about  the  same 
maximum  deformations  and  deformed  shape  regardless  of  circumferential  loca- 
tion of  the  applied  load.  The  same  reasoning  can  also  apply  to  loads  in.  other 
directions.  The  locations  of  the  grain  slots  with  respect  to  loads  applied 
to  the  case  appear  to  have  very  little  effect  on  the  calculated  displace- 
ments. A unit  load  applied  on  a radial  line  corresponding  with  a slot 
centerline  results  in  about  the  same  case  deflections  as  a unit  load  applied 
on  a radial  line  half  way  between  two  slots. 

The  total  receptance  matrix  was  obtained  by  applying  only  six  unit 
loads  at  one  component  connection  point.  Using  the  procedure  used  in  the 
baseline  motor  analysis,  36  unit  loads  would  have  been  applied.  No  compari- 
son results  are  available  to  show  whether  any  time  was  saved  by  using  the 
6 load  solution  in  place  of  the  36  load  solution.  Solving  for  6 unit  loads 
and  a pressure  load,  168  subcases  were  required.  A total  of  888  subcases 
would  have  been  required  for  the  full  36  unit  loads  plus  pressure  load 
solution,  However,  considerable  matrix  partitioning  was  required  to  com-ert 
the  6 load  solution  into  a 36  load  solution. 

The  Aerojet  Minuteman  motor  has  been  analyzed  previously  using  NASTRAN. 
The  analyses  were  performed  by  the  MacNeal  Schwendler  Corporation  working 
V/ith  the  Aerojet  Solid  Propulsion  Company.  A detailed  description  of  the 
MSC/ASPC  analyses  was  given  in  a report (1).  Information  in  the  ASPC  report 
was  used  as  much  as  possible  in  t.he  work  on  this  project.  The  acoustic 
modes  and  frequencies  defined  were  used  as  input  to  the  cyclic  symmetry 
model  analyses.  The  same  frequencies  selected  for  analysis  by  ASPC  were 
also  used  for  this  pro ject.  Data  on  component  models  given  in  the  ASPC 
report  were  also  used  to  create  the  models  in  this  program.  The  MSC/ASPC 
analysis  was  conducted  without  the  benefit  of  cyclic  symmetry  and  thus  did 
not  include  the  full  motor  in  a model. 

B.  FINITE  ELEMENT  MODELS 

Initially,  a model  of  the  Aerojet  Minuteman  III  third  stage  motor  was 
constructed  by  using  two  15°  slices  for  a cyclic  symmetry  solution.  A 
computer  plot  showing  the  two  slice  model  is  shown  in  Figure  8-2.  The 
single  slice  model  was  obtained  by  removing  one  slice  from  the  two  slice 
model.  Therefore,  Jie  bottom  plot  in  Figure  8-2  represents  the  single 
slice  model. 

The  propellant  grain  in  the  Aerojet  Minuteman  motor  is  bonded  to  the 
aft  dome  of  the  motor  case.  The  forward  dome  is  not  bonded.  MFC's  were 
usjd  in  the  NASTRAN  analysis  to  effectively  connect  the  propellant  to  the 


^ Minuteman  III  Third  Stage  Pressure  Oscillation  Study  Final  Report, 

1387 -OIF,  AD888219,  Aerojet  Solid  Propulsion  Company,  Sacramento,  Calif, 
August  1971. 


Figure  8-2.  Minuteman  III  Third  Stage  Finite  Element  Grid 


aft  dome.  In  the  model,  scalar  springs  v?ere  used  in  the  forward  dome  cavity 
to  connect  the  dome  to  the  propellant.  When  the  motor  is  fired,  the  grain 
is.  forced  down  around  the  igniter  closing  off  the  forward  dome  cavity. 

Scalar  springs  were  used  to  represent  the  effect  of  gases  trapped  in  the 
fon7ard  dome  cavity. 

The  grids  shown  in  Figure  8-2  are  for  a zero  burn  time.  The  zero  burn 
time  grid  was  modified  uo  represent  a 6-second  burn  time  by  relocating  some 
of  the  nodes  near  the  center  of  the  grain  model.  The  zero  burn  time  was 
used  for  calculating  response  to  the  tangential  mode.  The  advanced  burn 
time  model  was  used  for  calculation  of  response  to  the  longitudinal  mode. 

The  zero  burn  time  model  was  analyzed  at  frequencies  of  760  Hz,  800  Hz,  and 
840  Hz  using  the  first  tangential  mode  (n  = 1) . The  model  representing  the 
6 -second  burn  time  was  an.alyzed  at  frequencies  of  200  Hz,  240  Hz,  and  300  Hz 
using  the  first  longitudinal  mode. 

Component  models  were  created  for  the  three  major  components,  the 
Autonetics  package,  the  injectant  tank,  and  the  pressurant  tank.  All  three 
components  are  mounted  to  an  adapter  ling  around  t’.ie  circumference  of  the 
nozzle.  The  circumferential  locations  of  the  attachment  points  are  shown 
in  Figure  8-1.  Data  used  to  create  the  component  models  was  taken  from 
the  ASPC  final  report(l).  The  component  models  consist  of  beam  elements  to 
model  mounting  brackets  and  lumped  masses  and  inertias  to  represent  the 
main  component  body. 

Rather  than  giving  additional  detail  on  geometry  or  material  properties 
used  in  the  analyses,  copies  of  the  NASTRAN  bulk  data  decks  for  typical 
model  configurations  are  given.  The  bulk  data  for  the  motor  model  is  shown 
in  Table  8-1.  Bulk  data  for  the  three  component  models  are  given  in 
Tables  8 -II,  8 -III,  and  8 -IV. 

C.  ANALYSIS  RESULTS  - CLOSED  ENVELOPE  PREDICTIONS 

The  work  statement  for  this  program  called  for  "closed  envelope."  sub- 
mittal of  Phase  III  analysis  results  to  the  AFRPL  prior  to  evaluation  of 
the  results  by  Hercules . This  requirement  was  met  by  submittal  of  the 
"closed  Envelope  Predictions"  report  shown  in  Appendix  H.  Accelerations  in 
g's  are  given  for  various  points  on  the  forward  dome  and  at  the  component 
attachment  points  on  the  nozzle.  The  accelerations  at  the  component  connec- 
tion points  on  the  nozzle  are  shown  for  both  the  with  and  without  components 
attached  solutions.  Attaching  the  components  apparently  has  a rather  small 
effect  on  the  response  accelerations. 


(1) 


Ibid. 
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NASTRAN  BULK  DATA  DECK  USED  IM  THE  ANALYSIS  OF  THE  THIRD  STAGE  MINUTEMAN  III  MOTOR 
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D.  EVALUATION.  :0F  VERIFICATION  MOTOR  ANALYSIS  RESULTS 


The  Aerojet  acoustics  study  final  report^  contains  a considerable 
amount  of  accelerometer  data.  A summary  of  the  data  is  given  in  the 
figures  on  pages  17  and  18  of  the  referenced  report.  The  data  from  page  17 
is  reproduced  here  as  Figure  8-3  for  ease  of  reference.  The  upper  graph 
in  Figure  8-3  shows  how  the  maximum  envelope  acceleration  varies  with 
radial  distance  along  the  forward  dome  for  the  first  tangential  mode.  The  * 

lower  graph  of  Figure  8-3  shows  the  corresponding  data  for  the  first 
longitudinal  mode. 


To  put  the  accelerometer  data  in  a better  form  for  comparison  with 
analysis  results,  two  different  times  were  selected  for  each  acoustic  mode 
and'  the  acceleration-  level  was  r.eplotted  .as  a function  of  radius  at  each 
time  for  each  mode.  For  the  first  longitudinal  mode,  burn  times  of 
6 seconds  and  8 seconds  were  selected.  The  data  for  6 seconds  and  8 seconds 
were  plotted  in- Figure  8-4  as- a function  of  radius.  The  closed  envelope 
predictions  were  also  plotted  in  Figure  8-4.  The  geometry  of  the  advanced 
burn  NA3TRAN  model  was  designed  to  be  most  accurate  at  6 seconds.  The 
maximum  response  to  the  longitudinal  mode  occurred  at  240  Hz;  therefore,  the 
240  Hz  analysis  results  were  plotted  for  comparison  with  the  accelerometer 
data.  Data  in  the  closed  envelope  predictions  were  given  for  a maximum 
acoustic  mode  pressure  of  1.0  psi.  The  MSC/ASPC  analysis  was  conducted  by 
using  a value  of  2.03  psi  for  the  maximum  pressure  of  the  longitudinal 
mode\2).  Therefore,  the  closed  envelope  predictions  for  the  240  Hz  mode 
were  multiplied  by  2.0  to  obtain  response  at  a 2 psi  level  for  comparison 
with  accelerometer  data  in  Figure  8-4. 


The  shapes  of  the  plots  for  measured  and  predicted  levels  shown  in 
Figure  8-4  are  similar  as  all  plots  are  somewhat  bell-shaped  with  a maximum 
at  about  14.0  inches  radius.  The  predicted  maximum  amplitude  compares 
quite  well  with  measured  maximum  amplitudes.  If  the  Task  I error  limits 
were  applied,  calculated  values  would  be  multiplied  by  1.94  for  comparison 
with  measured  maximum  values.  Using  the  error  limits,  the  predicted  maxi-  > 

mum  of  about  50  g's  includes  the  measured  maximums  of  less  than  30  g's. 
fhese  comparisons  for  the  longitudinal  mode  analysis  results  are  considered 
to  be  good,  even  though  predicted  levels  at  radii  less  than  12  inches  a.id 
greater  than  17  inches  appear  to  be  too  low. 

For  the  first  tangential  mode,  b’>rn  times  of  1/2  second  and  1 second 
were  selected  for  crossplottinr  or  tne  data  from  Figure  8-3.  The  cross- 
plotted  accelerometer  envelope  data  are  shown  in  Figure  8-5.  Plots  for 
the  tangential  mode  are  different  from  plots  for  the  longitudinal  mode 


^^^Ibid,  pg  17  and  18. 
^^^Ibid,  pg  119. 
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Figure  8-4.  Accelerometer  Data  Compared  with  Closed  Eavelope  Predicted 
Levels  for  the  First  Longitudinal  Mode 


r 

o 

o 


r 

o 

o 


o 

o 


(s,o)  13A31  Noj.ivaaiaoov 


RADIUS  (IN.) 


because  both  loading  distributions  and  frequencies  are  different.  Due  to 
the  nature  of  the  tangential  mode,  the  motor  centerline  should  be  a node 
in  the  response  mode  shape.  The  accelerometer  data  "^hown  in  Figure  8-5 
appear  to  approach  zero  for  small  radii  and  increase  ;.o  reach  a maximum 
at  14.0  inches.  The  maximum  calculated  response  to  the  tangential  mode 
occurred  at  800  Hz.  Therefore,  the  800  Hz  closed  envelope  predictions 
were  plotted  in  Figure  8-5  for  comparison  with  the  measured  data.  The 
closed  envelope  predictions  show  a peak,  at  a radius  of  12  inches  with  a 
magnitude  only  slightly  over  40  g's.  The  measured  data  envelope  has  a 
peak  over  300  g's. 

As  a result  of  the  poor  agreement  between  accelerometer  data  and  closed 
envelope  predictions  for  the  tangential  mode,  the  AFRPL  requested  that  the 
tangential  mode  solution  be  studied  to  determine  reasons  for  the  noted 
discrepancies. 

Examination  of  the  curves  in  Figure  8-3  shows  that  the  response  is  at 
a maximum  between  1 and  1-1/2  seconds  for  the  tangential  acoustic  mode. 

The  loads  applied  to  the  model  were  calculated  based  on  a zero  burn  time 
geometry.  The  pressure  distribution  for  the  tangential  mode  has  a maximum 
value  of  100  psi  at  the  slot  tips  and  smaller  values  at  the  centerbore. 

An  increase  in  slot  tip  area  due  to  advanced  burn  time  results  in  signifi- 
cantly greater  forces  being  applied  to  the  NASTRAN  model. 

Another  computer  run  was  made  to  calculate  the  response  of  the  model 
to  an  840  Hz  tangential  mode.  The  following  changes  were  made  with  respect 
to  the  configuration  used  to  obtain  the  closed  envelope  predictions: 

(1)  Increased  loads  were  applied  to  correspond  to  a 1-1/2  second  burn 
time,  (2)  an  error  in  the  bulk  data  deck  that  resulted  in  use  of  a low 
grain  modulus  was  corrected,  and  (3)  the  scalar  springs  were  removed  from 
the  dome  cavity.  The  frequency  of  840  Hz  was  used  because  of  the  possi- 
bility that  the  stiffer  grain  would  cause  a maximum  response  at  840  Hz 
instead  of  800  Hz.  The  grain  shear  modulus  was  increased  from  500  to  3900 
psi  through  correction  of  the  error.  The  scalar  spring  elements  were 
removed  from  the  model  to  ensure  that  the  springs  did  not  restrict  the 
dome  response.  Results  from  the  analysis  showed  very  low  dome  accelera- 
tions, a peak  of  14  g's  at  a 10  inch  radius,  and  another  peak  of  15-1/2 
g's  at  a 22-inch  radius.  Some  points  on  the  grain  exhibited  accelerations 
greater  than  200  g's. 

A second  modified  computer  un  was  made  in  an  attempt  to  obtain  higher 
dome  accelerations.  Examination  of  the  previous  run  results  indicated  the 
need  for  a more  direct  load  path  to  transmit  grain  motions  to  the  case. 

The  radial-to-axial  motion  transfer  discussed  in  Phase  II  is  apparently 
not  very  effective  for  this  tangential  mode.  The  following  changes  were 
made  for  the  second  modified  computer  run:  (1)  The  scalar  springs  were 

installed,  (2)  th.  frequency  was  changed  to  800  Hz,  (3)  the  1-1/2  second 
load  system  was  applied,  ‘(4)  forces  were  applied  to  the  igniter,  and 
(5)  the  pair  of  springs  connecting  the  dome  to  the  grain  nearest  to  the 
igniter  were  stiffened  considerably  to  model  friction  between  the  grain 
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and  the  igniter.  Forces  on  the  igniter  due  to  the  acoustic  pressure  mode 
had  been  inadvertently  omitted  from  previous  runs.  Forces  applied  to  the 
igniter  are  effective  in  driving  the  dome  because  they  are  not  transmitted 
through  the  propellant.  The  fon'jard  dome  cavity  is  considered  to  be  sealed 
off  from  the  main  combustion  cavity  because  the  grain  is  forced  do^-in  around 
the  igniter.  While  the  grain  is  forced  around  the  igniter,  a friction 
force  would  tend  to  restrict  relative  motion  between  the  grain  and  the 
igniter  in  the  axial  direction.  This  friction  force  was  modeled  in  a crude 
way  by  increasing  the  stiffness  of  the  pair  of  scalar  springs  nearest  to 
the  igniter. 

Results  from  the  second  modified  computer  run  showed  a dramatic  increase 
in  the  acceleration  levels  on  the  forward  dome.  The  levels  are  plotted  as 
a function  of  radius  in  Figure  8-6.  A peak  acceleration  level  of  307  g's 
was  predicted  at  a radius  of  10  inches.  The  curve  has  three  peaks.  The 
shape  jf  the  curve  does  not  correspond  to  the  shape  of  the  measured 
responses.  The  conclusion  from  this  analysis  is  that  forces  that  occur 
during  the  100  psi  tangential  mode  are  sufficient  to  cause  accelerations 
on  the  dome  in  the  200  to  300  g range.  The  discrepancy  between  calculated 
and  measured  acceleiation  distributions  is  probably  due  to  poor  modeling 
of  load  transmission  from  combustion  cavity  to  dome.  No  attempt  was  made 
to  obtain  a more  accurate  load  transmission  model. 

The  evaluation  oi  the  Minutemau  motor  did  not  follow  the  pattern  used 
for  evaluation  of  the  Poseidon  motor  because  the  accelerometer  data  were 
available  in  a different  form.  The  pressure  oscillation  levels  were 
assumed  to  be  2 psi  for  the  longitudinal  mode  and  100  psi  for  the  tangential 
mode  in  accordance  with  the  Aerojet  report(l).  No  pressure  oscillation  data 
were  examined.  No  attempt  was  made  to  evaluate  the  aft  dome  response 
predictions  because  no  filtered  data  were  available.  The  forward  dome  data 
were  reported  to  be  sinusoidal  and  therefore  not  in  need  o ciltering. 


^^^Ibid. 
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Figure  8-6.  Acceleromecer  Data  Compared  with  Modified  Model  Response  Predictions 


SECTION  IX 


SUMMARY,  CONCLUSIONS,  AND  RECOMMENDATIONS 


A.  TASK  1 

, The  objective  of  Task  I w^.^jto  select  a baseline  motor.  Application 
of  specified  criteria  to  motors  resulted  in  the  conclusion 

that  either  the  Minuteman  III'  'third  stagi^  or  the  Poseidon  C-3  second  stage 
motors  could  be  satisfactorily  used  as  baseline.  The  Poseidon  motor  was 
selected  mainly  because  an  inert  motor  was  available  for  acoustics  testing 
and  because  of  the  Hercules  familiarity  with  the  C-3  design. 

A secondary  objective  of  Task  1 was  to  establish  error  limits  for 
use  in  evaluation  of  analysis  results.  This  work  resulted  in  the  recom- 
mendation that  an  error  limit  of  1.94  times  the  calculated  value  be  used. 
If  the  analysis  was  satisfactorily  accurate,  95  percent  of  the  test  data 
(maximum  acceleration  at  a point)  would  be  Icn^/er  than  the  error  limit. 

B.  TASK  2 

The  objective  of  Task  2 was  to  define  the  acoustic  natural  modes  and 
frequencies  of  the  baseline  motor.  No  acoustic  analyses  were  performed 
because  a review  of  existing  experimental  data  and  analysis  results 
indicated  that  acoustic  modes  and  frequencies  were  already  sufficiently 
well  defined.  Based  on  the  review  of  existing  information,  the  required 
number  of  acoustic  modes  were  selected  and  defined  for  use  as  loads  in  the 
structural  analysis. 

C.  TASK  4 

The  objective  of  Task  4 was  to  provide  experimental  data  on  struc- 
tural response  to  acoustic  loads.  The  testing  program  was  considered  to 
be  successful.  The  following  conclusions  were,  reached  as  a result  of  the 
Task  4 work: 

(1)  A vertical  testing  attitude  and  motor  pressurization  are 
necessary  in  the  testing  to  obtain  separation  between  the 
propellant  and  a motor  dome. 

(2)  Double-backed  adhesive  tape  provides  a satisfactory 
accelerometer  mounting  system  for  the  low  acceleration 
levels  encountered  in  the  tests. 

(3)  A loudspeaker  placed  in  the  centerbore  of  a sealed  motor 
cavity  can  excite  acoustic  cavity  modes  which,  in  turn, 
cause  a stiructural  response  at  a measurable  level. 


(A),  bifirerent  gases  can  be  used  In  the  raotor  cavity  to  obtain 
different  natural  frequencies  for  the  same  acoustic  mode 
shapes.  The  change  of  frequencies  is  useful  to  separate 
structural  resonances  in  the.  test  data. 

(5)  The  test  procedure  used  in  Task  4 can  be  recommended  to 
characterize  motor  structural  response  to  well-defined 
acoustic  mode  loading  conditions. 

D,  -TASK  5 

The  objective  of  Task  5 was  to  evaluate  the  results  of  the  baseline 
motor  analysis.  The  results  were  evaluated  in  two  different  ways: 

(1)  Analytical  results  were  compared  with  measured  static 
firing  data. 

(2)  Analytical  results  were  compared  with  measured  Task  4 
experimental  data. 

The  comparison  with  static  firing  data  was  based  on  the  error  limits 
defined  under  Task  1.  Reasonable  agreement  was  obtained  when  the  comparison 
was  made,  with  only  one  of  nine  measurements  grossly  exceeding  the  predicted 
level  and  two  other  measurements  exceeding  the  prodicted  levels.  The  fact 
that  component  vibration  data  were  available  from  only  four  static  firings 
led  to  the  conclusion  that  additional  data  should  be  obtained  and  reviewed 
before  a firm  decision  was  made  about  the  accuracy  of  the  analysis 
technique.  The  one  measurement  that  shewed  the  worst  comparison  with  the 
analysis  data  was  taken  from  a single  static  firing. 

Response  mode  shapes  measured  during  the  Task  4 testing  were  compared 
with  analytically  predicted  mode  shapes.  In  most  cases,  reasonable  compara" 
tlve  agreement  was  achieved.  No  error  limits  had  been  specified  for  mode 
shape  comparison,  so  quality  judgments  were  somewhat  subjective. 

Based  on  the  comparisons  and  evaluations  made  in  Task  5,  the  basic 
conclusion  that  the  analysis  was  sufficiently  accurate  for  program  con- 
tinuation was  reached.  However,  recommendations  for  use  of  additional 
static  firing  data  and  for  improvenei-.tD  ii\  the  baseline  motor  model  were 
made. 


Part  of  the  work  in  Task  5 consisted  of  analyzing  motor  static  firing 
data  from  Poseidon  C-3  second  stage  firings.  The  data  analysis  was  con- 
ducted to  obtain  a relationship  between  measured  pressure  oscillation  levels 
and  acceleration  response  levels.  Because  of  relatively  high  noise  levels 
in  the  response,  i.e,,  response  over  broad  frequency  ranges,  results 
obtained  by  using  unfiltered  data  were  found  to  be  misleading.  It  was 


t-, 


therefore  concluded  that  corresponding  pressure  and  acceleration  records 
should  be  filtered  at  the  frequency  of  interest  to  obtain  a measure  of  the 
response  level  that  could  be  attributed  to  the  measured  pressure  oscilla- 
tion level.  Tills  conclusion  would  not  apply  to  a motor  with  clean, 
essentially  s ingle- frequency , pressure  and  response  measurements. 

E.  PHASE  II,  TASKS  6,  7,  AND  8 

The  purpose  of  Phase  II  was  to  study  simplified  modeling  techniques. 

The  work  of  Phase  II  contributed  significantly  toward  obtaining  a better 
understanding  of  the  general  structural  dynamic  behavior  of  a solid  rocket 
motor.  The  work  was  based  on  the  philosophy  that  simplifications  could 
only  be  developed  after  the  motor  behavior  was  better  understood.  The 
follcwing  conclusions  were  reached  as  a result  of  the  Phase  II  work; 

(1)  Use  of  a half-motor  model  for  general  analysis  work  is  not 
recommended.  Special  situations  where  a half-motor  model 
may  be  satisfactory  are  discussed  in  the  text. 

(2)  Scalar  springs  should  not  be  used  to  represent  gases  in 
dome  cavities  that  are  open  to  the  combustion  chamber 

such  as  the  dome  cavities  in  the  second  stage  Poseidon  motor. 

A scheme  involving  scalar  springs,  scalar-masses,  and  multiple 
point  constraint  relations  can  apparently  be  used  to  represent 
gases  trapped  in  a dome  cavity  that  is  physically  sealed  off 
from  the  combustion  cavity  such  as  in  the  Minuteman  III  third 
stage  motor  during  the  first  2 seconds  of  firing.  The  scheme 
referred  to  was  used  by  the  MacNeai-Schwendler  Corporation 
in  a previous  analysis  and  was  not  studied  here. 

(3)  Because  of  the  curvature  in  a dome,  a radial  motion  at  a 
Y- joint  can  result  in  a significant  axial  motion  at  the 
center  of  the  dome,  A radial  motion  input  at  the  dome 
Y- joint  can  excite  a large  number  of  dome  modes  in  the 

0 to  1000  Hz  frequency  range. 

(4)  The  mode  of  response  of  a dome  is  likely  to  be  heavily 
dependent  on  the  applied  loading  distribution;  therefore, 
the  load  distribution  should  be  specified  as  accurately  as 
possible  if  accurate  dome  response  is  desirable.  If 
acoustic  cavities  are  analyzed  to  determine  acoustic  mode 
shapes,  then  the  dome  cavities  should  be  included  in  the 
cavity  finite  element  model. 

(5)  The  choice  of  grid  refinement  should  be  based  on  considera- 
tions of  both  structure  natural  modes  and  applied  loading 
distribution. 
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,(6)  Based  on  the  rule-of-thumb  that  three  nodes  be  available 
to  define  each  half  wave  of  the  deformed  shape,  the  aft 
dome  model  for  the  second  stage  Poseidon  C-3  motor  becomes 
inaccurate  above  500  to  600  Hz. 

(7)  Based  on  comparisons  between  analyses  of  dome  models,  using 
different  slice  sizes,  the  15  degree  slice  model  fails  to 
accurately  predict  the  second  dome  mode  which  occurs  at 
about  250  Hz.  Therefore,  a 15  degi ee  slice  grid  is  too 
coarse  for  analyses  that  require  accurate  response  in  the 
higher  frequency  modes. 

(8)  A fairly-  coarse  grid  can  be  used  for  the  grain  in  the  motor 
model.  The  limiting  factor  appears  to  be  the  requirement 
that  sufficient  nodes  be  available  to  obtain  reasonable 
definition  of  the  input  load  distribution. 

(9)  The  WEDGE  and  HEXAl  elements  in  NASTRAN  are  unsatisfactory 
for  the  type  of  analyses  conducted  during  this  program. 

Both  element  types  give  unsymraetric  responses  when  subjected 
to  symmetric  load  distributions. 

F.  PHASE  III 

The  Minuteman  III  third  stage  motor  was  analyzed  during  the  work  of 
Phase  III,  The  objective  of  the  Minuteman  analysis  was  to  verify  the 
analysis  techniques  recommended  at  the  conclusion  of  Phase  II.  Results  from 
the  initial  analysis  were  transmitted  to  the  AFRPL  on  a closed  envelope 
basis.  An  evaluation  of  the  closed  envelope  data  led  to  the  conclusion 
that  response  predictions  were  reasonably  accurate  for  the  longitudinal 
mode,  but  predicted  levels  for  the  tangential  mode  were  much  too  low. 

When  the  problem  with  the  tangential  mooe  response  was  identified,  a 
study  was  conducted  to  determine  if  errors  had  been  made  in  modeling  the 
motor  and  to  determine  if  modeling  improvements  could  be  made.  Some  err  )rs 
were  discovered  and  corrected  and  changes  were  made  to  improve  the  modeling. 
The  result  was  a fairly  accurate  prediction  of  maximum  acceleration 
amplitudes  but  a poor  prediction  of  the  response  mode, 

The  basic  conclusion  rea„iied  as  a result  of  the  Phase  III  work  was 
that  analysis  quality  can  depend  to  a large  extent  on  the  ability  of  the 
analyst  to  visualize  the  ^..sential  structural  features  of  a motor  and  to 
include  these  features  in  a model.  Apparently,  the  analyst  must  be  quite 
meticulous  in  his  preparation  of  the  model  to  avoid  making  modeling  errors, 
especially  when  no  test  data  are  available  to  verify  the  adequacy  of  the 
model. 
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G.  GENERAL  SUMMARY  AJD  CONCLUSIONS 


a 


u 


The  calculation  of  the  response  of  a rocket  motor  to  internal  acoustic 
pressure  oscillations  is  a complex  procedure.  The  three-dimensional  nature 
of  the  motor  structure  and  typical  loading  systems  have  required  a detailed 
three-dimensional  finite  element  model  with  many  degrees -of -freedom.  One 
objective  of  the  program  was  to  simplify  the  existing  complex  analysis 
procedure.  A major  fundamental  analysis  simplification  resulted  from  the 
program.  The  addition  of  cyclic  symmetry  capability  to  the  frequency 
response  rigid  format  in  NASTRAN  has  made  analysis  of  very  complex  three- 
dimensional  models  practical.  The  MacNeal-Schwendler  Corporation  was 
responsible  for  the  development  of  the  cyclic  symmetry  concept.  The 
required  modifications  to  NASTRAN  were  made  by  MacNeal-Schwendler  under 
contract  with  Hercules  Incorporated.  The  subcontract  work  was  funded  by 
this  program. 

To  take  advantage  of  the  cyclic  symmetry  capability  in  analyzing  motors 
with  components  attached,  an  approach  was  adopted  r^ing  mechanical  impedance 
methods.  Components  attached  to  a motor  generally  spoil  the  cyclic  symmetric 
character  of  the  bare  motor  case  and  grain.  By  using  the  mechanical 
impedance  approach,  the  theoretically  correct  response  for  the  motor- 
components  combination  can  be  calculated,  A specific  mechanical  impedance 
approach  was  formulated  and  checked  out  for  use  in  conjunction  with  cyclic 
symmetry.  The  approach  was  implemenued  by  using  the  direct  matrix 
abstraction  (EMAP)  option  in  NASTRAN.  Use  of  cyclic  symmetry  in  conjunction 
with  the  mechanical  impedance  procedure  can  now  be  recommended  for  any 
analysis  where  the  response  of  a coupled  mo tor -component  system  is  desired. 

One  of  the  most  important  contributions  made  by  the  program  is  the 
practical  analysis  experience  and  the  insight  into  motor  structural  dynamic 
behavior  that  was  gained.  Various  analysis  approaches  were  tried  and  results 
were  evaluated  by  comparing  them  with  actual  static  firing  data  and  with 
special  acoustic  test  results.  The  analysis  experience  gained  is  presented 
by  way  of  a modeling  techniques  manual  included  as  Appendix  I.  Information 
in  the  modeling  techniques  manual  is  intended  to  be  of  value  to  the  pros- 
pective analyst  who  is  faced  with  the  problem  of  calculating  response  of 
any  solid  rocket  motor  to  internal  acoustic  pressure  oscillations, 

Tlie  acoustic  testing  work  conducted  led  to  the  conclusion  that 
structural  response  to  acoustic  modes  can  be  successfully  measured  in  a 
simple  bench  test.  The  testing  proved  to  be  worthwhile  because  of  the 
detailed  mode  mapping  that  could  be  performed  and  because  the  input  was 
deal  and  well  defined. 
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The  original  intent  of  the  program  was  to  develop  simplified  modeling 
techniques  that  could  be  used  during  the  design  phase  of  motor  development 
programs  to  predict  the  load  levels  input  to  attached  components.  Experience 
gained  indicates  that  no  general  guidelines  can  be  .expected  to  cover  all  of 
the  different  special  problems  that  each  different  motor  design  will  create. 
The  quality  of  future  analyses  is  likely  to  depend  strongly  on  the  ability 
of  the  individual  analyst  to  visualize  the  motor  response  and  to-  model  the 
significant  structural  features.  A.  record  of  past  analysis  experience  may 
be  the  prospective  analyst's  most  valuable  guide. 

Based  oh  the  work  of  the  program,  four  recommendations  for  future  work 
are  made: 

(1)  Only  two  different  motors  were  analyzed.  Somewhat  different 
techniques  were  used  on  each  motor.  Results  from  future 
similar  analyses  should  be  reported  in  sufficient  detail  so 
that  a catalogue  of  techniques  can  be  formed  and  so  that 
confidence  can  be  built  for  some  techniques  while  others 

are  rejected.  Additional  comparisons  between  analytic  results 
and  measured  data  would  be  helpful  to  the  prospective 
analyst . 

(2)  Experiments  conducted  during  the  program  indicated  that 
rather  small  incre,nents  must  be  used  for  hoop  direction  grid 
refinement  when  a curved  motor  case  is  modeled  with  flat  plate 
elements.  An  improved  element  for  modeling  the  motor  case 

or  better  modeling  techniques  using  existing  elements  is 
needed  to  keep  overall  problem  size  as  small  as  possible, 

(3)  More  high  frequency  pressure  gage  data  and  accelerometer 
data  are  needed  from  static  and  flight  tests  for  evaluation 
of  analysis  results.  Data  filtering  techniques  should  be 
used  to  isolate  the  significant  characteristics  of  the  data. 

(4)  A three-dimensional  aconotics  element  coupled  with  the  cyclic 
symmetry  analysis  apt  could  provide  a more  general 
acoustics  cavi.y  analysis  capability. 
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FOREWORD 


This  report  presents  the  results  of  Task  1 for  Contract  F04611-73-C- 
0025.  The  purpose  of  Task  1 was  to  select  a baseline  motor  for  further 
study  in  the  program.  The  information  upon  which  the  baseline  motor 
sf;icction  was  made  is  contained  in  this  report.  This  report  is  being 
submitted  to  obtain  formal  PGO  approval  of  the  baseline  motor  selection. 


TABLE  OF  CONTENTS 


Section  Page 

Foreword A-4 

I ABSTRACT A- 3 

II  INTRODUCTION A-9 

A.  Objective A-9 

B.  Approach A-9 

III  MINUTEMAN  II  STAGE  III  MOTOR A- 10 

A.  Component  Vibration  and  Pressure  Oscillation  Data 

from  Static  and  Flight  Tests A-IO 

B.  Dynamic  Structural  Analysis  Results  A-11 

C.  Acoustic  Bench  Test  Results  A-12 

D.  Acoustic  Bench  Test  Results  A-13 

IV  MINUTEMAN  III  STAGE  III  MOTOR  . A-13 

A.  Component  Vibration  and  Pressure  Oscillation  Data 

from  Static  and  Flight  Tests A-13 

B.  Dynamic  Structural  Analysis  Results A- 14 

C.  Acoustic  Mode  Analysis  Results A- 14 

D.  Acoustic  Bench  Test  Results 4-14 

V POSEIDON  C-3  SECOND  STAGE  MOTOR A- 3 4 

A.  Component  Vibration  r d Pressure  Oscillation  Data 

from  Static  and  Flight  Tests A-14 

B.  Dynamic  Structural  Analysis  Results . A- 15 

C.  Acoustic  Mode  Analysis  Results  A-15 

D.  Acoustic  Bench  Test  Results  A-15 

VI  BASELINE  MOTOR  SELECTION  ....  A-15 

List  of  References A-39 

A-5 


LIST  OF  TABLES 


Number  Title  Page 

I Accelerometer  Test  Results A-17 

II  Natural  Frequencies  for  the  Th3,rd  Stage  Minuteman  II 

Mo.tor  Cavity  . . A- 18 

III  Natural  Frequencies  for  the  Third  Stage  Minuteman  III 

Motor  Cavity A-19 

IV  Natural  Frequencies  for  the  Second  Stage  Poseidon 

Motor  Cavity  A-20 

I 

LIST  OF  FIGURES 

Number  Title  Page 

1 Safeguard  Test  Motor  Accelerometer  Locations  A-21 

2 Flight  Test  Accelerometer  Locations  Similar  to  Static 

Test  Locations  A-22 

3 Static  Test  Motor  Accelerometer  Locations  Similar  to 

Flight  Test  Accelerometer  Locations  A-23 

4 Accelerometer  Locations  (Installed  by  Hercules 

Incorporated)  for  Motor  VI-QA-83  A-24 

5 Nozzle  and  NCU  Accelerometer  Locations  for  Motor 

VI-QA-82 A-25 

6 Nozzle  Control  Unit  Instrumentation  Locations  for 

Motor  VI-QA-82 . . . A-26 

7 Isobar  of  Gas  Pressure  and  Grain  Stress  for  Coupled 

Vibration  at  160  Hz  A-27 

8 Comparison  of  Measured  and  Calculated  Mode  Shapes  for 

Advanced  Burn  Configuration  of  M-57A1  Motor A-28 

9 Minuteman  II,  Stage  III  Mode  Shapes  for  Lowest  Modes, 

2-inch  Burn,  n = 0 and  n = 1 (from  Reference  8) . . . . A-29 

10  Acoustic  Wave  Shapes  Along  Wall  Between  Wing  Slots  of 

M-57A1  3-Second  Burn  Model  A-30 

A-6 


LIST  OF  FIGURES  (CONT) 


Number  Title  Page 

11  Acou  tic  Wave  Forms  of  Fundamental  and  Harmonic 

Resonant  Frequencies  Near  300  Hz  (6-Second  Model).  . . A-31 

12  Acoustic  Wave  Shapes  Along  Wall  Between  Wing  Slots  of 

M-57A1  15 -Second  Burn  Model  ...  A-32 

13  Forward  Dome  Vibration  Instrumentation  for  the 

Minuteman  III  Stage  III  Motor A-33 

14  Aft  Dome  Vibration  Instrumentation  for  the  Minuteman 

III  Stage  III  Motor A-34 

I 

15  Unstable  Pressure  Oscillation  Characteristics  of  the 

Minuteman  III  Third  Stage  Motor  , A-35 

16  Poseidon  Second  Stage  Instrumentation  for  Vibration 

Measurements  A-36 

17  Special  Accelerometer  Locations  for  Static  Firing  of 

Poseidon  C-3  Second  Stage  Motor  SP-0160 A-3 

18  Forward  Dome  TT  Port  Instrumentation  A-38 


A-7 


I. 


ABSTRACT 


The  objective  of  the  Task  1 work  reported  herein  was  tc  select  a base- 
line motor.  Each  of  the  three  candidate  motors  is  discussed  with  respect 
to  specified  baseline  motor  selection  criteria.  Each  motor  appears  to 
have  sufficient  component  vibration  data  from  static  and  flight  tests. 

Also,  acoustic  mode  analyses  have  been  performed  on  each  motor  by  the 
MacNeal-Schwendler  Corporation.  Acoustic  bench  tests  have  been  performed 
on  each  motor,  with  the  Poseidon  C-3  second  stage  having  the  most  compre- 
hensive bench  test  results  available.  More  significant  structural  dynamic 
analyses  have  been  performed  on  the  Minuteman  III  third  stage  than  on  either 
of  the  other  two  motors. 

After  reviewing  the  qualifications  of  each  candidate  motor,  it  was 
concluded  that  either  the  Minuteman  III  Stage  III  or  the  Poseidon  C-3 
second  stage  motor  could  qualify  as  a baseline  motor.  The  Minuteman  III 
Stage  III  motor  was  disqualified  because  the  use  of  four  separate  nozzles 
was  judged  to  be  not  typical  of  probable  future  motor  designs.  Hercules 
Incorporated  selected  the  Poseidon  C-3  second  stage  motor  to  be  the  base- 
line motor. 


II.  INTRODUCTION 


A.  Objective 

The  objective  of  this  work  was  to  select  a baseline  motor  for 
further  study  under  this  program  (Air  Force  Contract  F04611-73-C-0025) . 

B . Approach 

Existing  data  on  component  vibration  spectra  and  internal  pressure 
oscillation  for  three  upper  stage  ballistic  missile  motors  was  surveyed. 

Data  from  the  Minuteman  II  and  III  third  stage  motors  and  from  the  Poseidon 
second  stage  motor  was  included  in  the  survey. 

The  following  criteria  were  used  in  selecting  the  baseline  motor: 

1)  Availability  of  component  vibration  and  acoustic 
pressure  oscillation  data  from  static  and  flight 
tests . 

2)  Availability  of  acoustic  mode  analysis  and 
dynamic  structural  analysis  results. 

3)  Availability  of  acoustic  bench  test  results. 

4)  Degree  to  which  the  motor  configuration  is 
representative  of  probable  future  ballistic 
missile  motor  designs. 

5)  Availability  of  an  inert  motor  for  use  in  the 
vibration  testing  program. 
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III.  MINUTEMAN  II  STAGE  III  MOTOR 


A.  Component  Vibration  and  Pressure  Oscillation  Rata  from  Static 

and  Flight  Tests 

The  data  required  to  characterize  a motor  for  this  program  con- 
sists of  accelerometer  and  pressure  gage  data.  The  accelerometer  data  of 
interest  is  that  from  accelerometers  located  on  motor  components  and  on 
the  basic  motor  structure.  Pressure  oscillation  data  which  can  be 
correlated  with  accelerometer  data  is  required  to  establish  the  desired 
load -response  relationship.  Accelerometer  data  should  be  reduced  to  show 
level  of  response  (in  g*s)  and  frequency  of  response  as  a function  of 
time.  The  reduced  pressure  oscillation  data  should  indicate  the  oscillating 
pressure  amplitude  as  a function  of  time. 

For  the  Minuteman  II  third  stage  motor,  the  collection  of 
representative  data  is  complicated  by  the  fact  that  motors  cast  from 
different  powder  lots  may  exhibit  different  pressure  oscillation  characteris 
tics.  The  various  powder  lots  are  characterized  in  terms  of  oscillatory 
or  noncscillatory  characteristics  in  Reference  1. 

Another  problem  which  must  be  dealt  with  is  the  dependence  of  the 
measured  pressure  response  on  the  tubing -pressure  gage  configuration. 

Since  the  tubing  which  leads  to  the  pressure  gage  has  its  own  dynamic 
characteristics,  repotted  pressure  levels  may  not  be  accurate  over  the 
frequency  range  of  interest.  The  lacK  of  accuracy  can  occur  when  the  fre- 
quency of  chamber  pressure  oscillation  is  near  to  a resonant  frequency  of 
the  pressure  gage  tubing.  (The  tubing  is  required  to  isolate  the  pressure 
gage  from  the  hot  combustion  gases.)  At  this  point,  it  appears  that  some 
additional  work  will  be  necessary  i)  measure  or  analytically  predict  a 
transfer  function  for  the  gage  tubing  in  order  to  properly  interpret 
existing  pressure  data. 

Minuteman  Stage  III  oscillatory  burning  data  have  been  analyzed 
by  playing  FM  tapes  through  a Qaan-Tech  Model  305  Tracking  Wave  and  Spectrum 
Analyzer.  Use  of  this  analysis  technique  results  in  the  following  deter- 
minations; (1)  The  frequencies  present  during  oscillatory  burning,  (2)  the 
frequency-time  histories  for  each  frequency,  and  (3)  the  amplitude-time 
histories  for  each  frequency. 

The  Quan-Tech  Model  305  Tracking  Wave  and  Spectrum  Analyzer  has  a 
frequency  range  of  10  Hz  to  50  KHz  and  a selection  of  three  constant  band- 
widths  of  10,  100,  and  1000  Hz.  It  has  electronic  tuning  with  the  following 
functions : 


(1)  Automatic  frequency  control  to  lock  onto  a drifting 
signal  and  follow  it  over  the  whole  or  discrete 
portions  of  the  tuning  range  (limited  frequency 
range  determined  by  the  bandwidth) . 

(2)  Track  function  to  lock  onto  a frequency  signal  and 
follow  it  over  the  whole  or  discrete  portions  of 
the  tuning  range. 

(3)  Sweep  function  to  start  at  a tuned  frequency  and 
scan  upx^ard  in  frequency  over  the  whole,  or 
discrete  portions  of  the  tuning  range  as  deter- 
mined by  a sweep  incromert  switch. 

(4)  Scan  (or  search)  as  in  the  sweep  function  until  a 
signal  is  found  whereupon  i.he  instrument  will  lock 
onto  and  track  the  signal. 

Some  results  from  the  Quan-Tech  data  analysis  are  reported  in 
Reference  1.  The  data  is  presented  in  the  form  of  pressure  oscillation 
amplitude  (A.C.  component),  acceleration,  or  strain  as  a function  of  time 
for  various  tracking  frequencies.  Accelerometer  data  obtained  from  three 
motors  fired  during  the  Safeguard  program  is  included.  Accelerometer  loca- 
tions are  shown  in  Figure  1 for  the  Safeguard  motors.  Plots  comparing 
accelerometer  response  data  Etom  four  oscillatory  static  firing  motors  with 
corresponding  data  from  three  flight  motors  is  also  given  in  Reference  1. 
Accelerometer  locations  for  the  static  firing/flight  comparisons  are  shown 
in  Figures  2 and  3.  The  flight  data  sampling  rate  is  too  low  for  meaningful 
frequency  response  analyses  to  be  performed. 

Perhaps  the  most  useful  data  for  the  purposes  of  this  program 
will  come  from  static  test  motors  VI-QA-79  through  VI-QA-82.  These  mot 'rs 
were  heavily  instrumented  with  accelerometers  for  the  purpose  of  measuring 
the  vibration  environment  to  which  the  various  components  are  subjected. 
Accelerometer  locations  for  motor  VI-QA-8..  are  shown  in  Figures  4,  5 and  6. 
The  extent  to  which  the  locations  i.  m were  common  with  VI-QA-79,  -80, 
and  -81  is  indicated  in  Table  TaMe  I was  extracted  from  Reference  2. 

Reduced  data  for  motors  VI-QA-79,  -80,  -81,  and  -82  are  available  in 
References  1,  2,  and  3.  T.i  addition,  many  unpublished  data  plots  are 
available  in  the  Test  Analysis  section  files  at  Hercules  Incorporated. 

If  appe  irs  that  sufficient  vibration  and  pressure  oscillation  data 
are  available  to  characterize  the  Minuteman  II  third  stage  motor. 

B.  Dynamic  Structural  Analysis  Results 

Significant  results  from  dynamic  structural  analyses  on  the 
Minuteman  II  third  stage  motor  are  available  from  two  programs: 

(1)  The  Transportation  and  Handling  program  (Reference  4) 

(2)  The  Pressure  Oscillation  Investigation  program 
(Reference  5) 
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In  addition,  grain  vibration  analysis  results  are  available  in  Reference  6 
and  structural  damping  of  the  grain  is  discussed  in  Reference  7. 

In  the  work  of  Reference  4,  a dynamic  analysis  was  performed  on 
the  Stage  III  motor,  initally  using  simple  beam  and  cylinder  approxima- 
tions. At  a later  date,  more  refined  solutions  were  obtained  in  which 
mathematical  models,  more  nearly  representing  the  geometry  of  the  motor, 
were  used.  Finite  difference  type  modeling  techniques  were  used  in  con- 
junction with  a direct  analog  computer  in  obtaining  dynamic  solutions. 

An  investigation  of  the  frequency  content  of  the  transportation  environ- 
ment experienced  by  the  motor,  based  on  transporter  dynamic  analyses  and 
road  test  data,  revealed  essential  motor  resonance  frequencies.  The 
analyses  were  all  based  on  two-dimensional  math  models  and  are  not 
directly  applicable  in  this  program.  However,  the  breathing,  bending, 
and  axial  modes  which  were  determined,  having  been  partially  verified  by 
test  data,  will  be  useful  for  comparison  with  analysis  results  from  this 
program. 


A three-dimensional  structural  dynamic  analysis  of  the  aft  dome 
structure,  including  nozzles,  nozzle  stacks,  and  nozzle  control  unit,  was 
performed  using  the  SAMIS  computer  program.  This  analysis  was  reported 
in  Reference  5.  Natural  frequencies  and  mode  shapes  were  determined 
separately  for: 

(1)  The  Nozzle  Control  Unit  . 

(2)  Nozzle 

(3)  The  Aft  Dome  Including  Nozzle  Stacks 

In  addition,  natural  frequencies  and  mode  shapes  were  determined  for  the 
entire  aft  dome  with  components  and  frequency  response  solutions  were 
obtained  for  the  aft  dome  without  components.  The  analyses  performed 
for  the  work  of  Reference  5 could  be  considered  to  represent  analyses  of 
a simplified  model  as  will  be  required  in  Task  10  of  this  program. 

The  work  reported  in  References  6 and  7 was  not  concerned 
basically  with  structural  dynamic  analyses;  however,  results  from  two- 
dimensional  analyses  giving  frequency  response  solutions  for  the  grain  were 
reported.  These  solutions  provide  data  which  can  be  used  to  check  new 
three-dimensional  models  containing  the  grain. 

C.  Acoustic  Mode  Analysis  Results 

The  acoustic  mode  analyses  which  have  been  performed  on  the 
Minuteman  II  third  stage  motor  by  Hercules  Incorporated  are  reported  in 
References  6 and  7.  The  mode  shape  for  the  first  longitudinal  mode^  is 
shown  in  Figure  7.  The  frequency  was  calculated  to  be  160  Hz  for  air  or 
about  480  Hz  for  hot  combustion  gases.  The  plot  shown  in  Figure  8 was 
taken  from  Reference  7.  The  second  longitudinal  mode  was  calculated  to 
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occur  at  Til  Hz.  The  acoustic  mode  analyses  performed  by  Hercules  were 
based  on  two-dimensional  finite-element  models  and  a 15-second  burn  time. 

Additional  acoustic  mode  analysis  results  are  available  in 
Reference  8.  The  results  presented  in  Reference  8 were  obtained- with  the 
acoustic  analysis  capability  of  the  NASTRAN  Level  15  computer  program. 
Published  results  are  shown  in  Table  II.  Mode  shapes  for  the  two  lowest 
frequency  modes  for  the  two-inch  burn  time  are  shown  in  Figure  9. 

D,  Acoustic  Bench  Test  Results 

Acoustic  testing  has  been  performed  on  fullscale  models  of  the 
M-57A1  motor  which  were  constructed  to  represent  grain  cavity  geometry 
at  3-second,  6-second,  and  15-second  burn  times.  Results  of  the 
acoustic  tests  were  reported  in  References  5 and  9.  Results  taken  from 
Reference  5 are  shown  in  Figures  10,  11,  and  12.  The  figures  show  the 
first  four  longitudinal  mode  shapes  for  the  three  different  burn  times. 
Apparently,  no  radial  or  tangential  modes  were  established.  Also  of 
interest  is  the  fact  that  no  third  harmonic  was  found  for  the  6-second 
model  and  the  fourth  harmonic  was  very  close  to  the  second  harmonic  in 
frequency. 

IV.  MINUTEMAN  III  STAGE  III  MOTOR 

A.  Component  Vibration  and  Pressure  Oscillation  Rata  from  Static 

and  Flight  Tests 

During  the  "Minuteman  III  Third  Stage  Pressure  Oscillation 
Study”^®,'  vibration  data  were  collected  from  24  motor  firings  and  at  37 
different  locations  on  the  motor  and  motor  components,  A standard 
instrumentation  plan  for  accelerometers  was  developed  and  used  in  the 
oscillatory  burning  program  to  establish  vibration  envelope  information 
of  the  forward  dome,  aft  dome,  and  nozzle.  Selected  accelerometer  loca- 
tions were  monitored  during  the  qualification  program  and  during  some 
production  firings.  The  instrumentation,  of  flight  test  motors  was  modi- 
fied to  include  the  corresponding  instrumentation  from  the  oscillatory 
burning  program.  Accelerometer  locations  for  the  forward  and  aft  domes 
are  shown  in  Figures  13  and  14.  (The  figures  were  obtained  from 
Reference  10.) 

Vibration  envelope  data  for  many  of  the  accelerometers  shown 
in  Figures  13  and  14  are  given  in  Appendix  A of  Reference  10.  The  data 
are  presented  in  the  form  of  graphs  showing  the  maximum  acceleration 
level  envelope  (in  g's)  as  a function  of  time  after  ignition.  Also 
shown  is  an  ei.veloup  of  the  predominant  frequency  as  a function  of  time. 

The  Minuteman  III  third  stage  motor  has  been  found  to  exhibit 
unstable  acoustic  pressure  oscillations  in  two  distinct  modes.  The 
general  characteristics  of  the  unstable  oscillations  are  indicated  by 
the  pressure  oscillation  amplitude  and  frequency  variation  curve  shown 
in  Figure  15  (taken  from  Reference  10).  From  0 to  4 seconds,  a 
tangential  acoustic  mode  causes  oscillations  at  from  870  to  760  Hz.  From 
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4 to  14  seconds,  the  fundamental  longitudinal  mode  causes  oscillations  of 
from  350  to  ?.00  Hz. 

B.  Dynamic  Structural  Analysis  Results 

Three  dynamic  structural  analyses^®  of  interest  have  been 
conducted  on  the  Minuteman  III  third  stage -motor;  1)  A modal  analysis 
was  performed  on  a Forward  Dome  model  to  determine  mode  shapes  and  fre- 
quencies of  the  dome  for  frequencies  below  1000  Hz,  2)  Frequency  response 
analyses  were  performed  on  a model  of  a forward  portion  of  the  motor 
including  a portion  of  the  propellant,  and  3)  A structural  dynamic  analy- 
sis of  the  nozzle  was  performed  simulating  the  configuration  of  the  nozzle 
as  tested  in  the  nozzle  survey.  Many  of  the  results  from  the  analyses  are 
given  in  Reference  10.  However,  the  usefulness  of  these  analyses  in  this 
project  may  depend  upon  the  cooperation  of  the  Aerojet  analysts  in  making 
unpublished  analysis  details  and  data  available. 

C . Acoustic  Mode  Analysis  Results 

Acoustic  analyses  have  been  performed  on  the  Minuteman  III  third 
stage  motor  using  the  acoustic  analysis  capability  which  is  currently 
available  in  the  NASTRAN  Level  15  program.  Results  of  the  analyses  are 
reported  in  References  8 and  10.  Natural  frequencies  obtained  from 
Reference  8 are  given  in  Table  III,  Several  plots  showing  pressure  mode 
shapes  are  given  in  References  8 and  10. 

B.  Acoustic  Bench  Test  Results  ■ 

Acoustic  bench  testing  was  performed  on  a fullscale  model  of  the 
Minuteman  III  third  stage  motor  cavity  which  was  constructed  to  represent  a 
3-second  burn  time.  Details  of  the  testing  and  plots  of  the  node  shapes 
are  given  in  Reference  10. 

V.  POSEIDON  C-3  SECOND  STAGE  MOTOR 

A.  Component  Vibration  and  Pressure  Oscillation  Data  from  Static 

and  Flight  Tests 

Accelerometer  data  are  recorded  from  four  locations  on  the  forward 
dome  on  a routine  basis  for  each  static  firing.  Data  from  approximately 
40  firings  are  available  for  the  four  forward  dome  accelerometers.  Data  from 
approximately  10  firings  include  two  additional  accelerometers;  one  located 
on  the  aft  adapter  ring,  and  one  located  on  the  cylindrical  section  near  the 
forward  dome  tangent  line.  Accelerometer  locations  are  shown  in  Figure  16. 

In  addition  to  the  routine  static  firing  data  listed  above,  data 
are  available  from  three  static  firing  motors  which  were  specially  instru- 
mented with  from  15  to  20  accelerometers  to  measure  component  response. 

The  three  motors  with  special  instrumentation  ere:  *^1-0115,  SP-0131,  and 

SP-0160.  Acceleromtcer  locations  for  SP-0160  are  shown  in  Figures  17  and  18. 
The  instrumentation  for  the  two  other  motors  was  similar. 
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Some  pressure  gage  and  accelerometer  data  are  available  from 
flight  tests;  however,  the  data  sampling  rates  used  to  collect  the  data 
are  generally  so  low  that  valid  data  .are  obtained  only  for  low  frequencies 
(generally  below  200  Hz) . Therefore,  available  flight  data  will  not  be  very 
useful  for  this  program.  (The  motor  exhibits  acoustic  oscillations  at 
nominal  frequencies  of  250,  670,  750,  1300,  2000,  2600,  3300,  and  4000  Hz; 
in  addition,  oscillations  of  generally  weaker  amplitude  are  sometimes 
measured  at  frequencies  of  500,  1000,  1200,  2700,  and  3900  Hz.) 

A summary  and  analysis  of  Poseidon  C-3  second  stage  vibration 
data  is  given  in  Reference  11.  However,  most  of  the  useful  data  are 
unpublished  and  available  only  in  the  files  of  the  Test  Analysis  Group  in 
the  Product  Engineering  department  at  Hercules'  Bacchus  Works.  Results  of 
a correlation  study  between  motor  parameters  and  oscillatory  response  are 
given  in  Reference  12. 

B.  Dynamic  Structural  Analysis  Results 

A two-dimensional  model  of  the  Poseidon  C-3  second  stage  grain  v?as 
constructed  to  study  the  structural  damping  characteristics  of  the  j.,cop  Al%,. 
The  analysis  is  discussed  in  Section  4 of  Reference  11, 

C.  Acoustic  Mode  Analysis  Results 

As  with  the  two  previous  motors,  results  of  acoustic  analyses 
based  on  use  of  the  NASTRAN  program  are  given  in  Reference  8.  Results  taken 
from  Reference  8 are  shown  in  Table  IV. 

D.  Acoustic  Bench  Test  Results 


A rather  elaborate  acoustic  bench  t ng  program  was  conducted 
for  the  Poseidon  C-3  second  stage  motor  c Three  separate  modeL<-’  were 

constructed  to  represent  the  cavity:  a zero  burn  time  model,  a 4.5-S'f>rd 

burn  time  model,  and  an  8-second  burn  time  model.  Acoustic  mode  shapes 
were  mapped  in  detail  in  the  fin  area  and  in  the  centerbore.  Some  tjsts 
were  repeated  for  different  grain  geometries  and  different  igniter  confi,..-ta 
tions.  Results  of  the  acoustic  bench  testing  are  reported  in  Volume  II  of 
Reference  11. 

VI.  BASELINE  MOTOR  SELECTION 

The  baseline  motor  selection  criteria  are  discussed  in  thrs  section 
one  at  a time  as  they  apply  to  each  candidate  motor. 

1)  Availability  of  component  vibration  and  acoustic  pressure 
oscillation  data  from  static  and  flight  tests. 

A good  deal  of  static  firing  data  is  available  for  all  three 
motors.  Flight  data  are  not  abundant,  but  a limited  amount 
is  available  for  each  motor.  Based  on  this  selection 
criteria,  all  three  motors  are  judged  approximately  equal. 

2)  Availability  of  acoustic  mode  analysis  and  dynamic  structural 
analysis  results. 

Acoustic  mode  analyses  were  performed  on  each  of  the  three 
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motors  with  the  NASTRAN  computer  program;  thus,  the  three 
motors  are  judged  to  be  equal  in  this  respect. 

More  extensive  structural  dynamic  analyses  have  been  performed 
on  the  Minuteman  III  motor  than  on  either  of  the  other  two 
motors.  Some  analysis  work  has  been  conducted  on  the  aft  dome 
and  associated  hardware  of  the  Minuteman  II  motor.  Very  little 
useful  structural  dynamic  analyses  have  been  performed  on  the 
Poseidon  moi:or.  Therefore,  the  motors  are  ranked  as  follows 
for  this  selection  criterion: 

Minuteman  III  Stage  III 

Minuteman  II  Stage  III 

Poseidon  C-3  Second  Stage 

3)  Degree  to  which  the  motor  configuration  is  representative  of 
probable  future  ballistic  missile  motor  designs. 

The  Minuteman  II  Stage  III  motor  is  judged  to  be  disqualified 
from  possible  selection  as  a baseline  motor  because  of  this 
selection  criteria.  The  Minuteman  II  motor  employs  a ‘.our 
nozzle  design  which  is  not  typical  of  present-day  motors,  nor 
probable  future  motors. 

The  Minuteman  III  Stage  III  motor  and  the  Poseidon  C-3  second 
stage  motor  are  judged  to  be  equal  with  regard  to  this  selection 
criterion. 

Based  on  the  application  of  the  stated  selection  criteria,  it  appears 
that  either  the  Minuteman  III  Stage  III  motor  or  the  Poseidon  C-3  second  stage 
motor  could  be  selected  as  a baseline  motor  for  this  project.  Hercules  chooses 
to  select  the  Poseidon  C-3  second  stage  motor  as  the  baseline  motor  for  the 
following  reasons; 

1)  An  inert  motor  and  some  hardware  are  available  for  the 
acoustic  testing  of  Task  IV. 

2)  Hercules  Incorporated  has  access  to  all  unpublished  analysis 
and  static  test  data  for  this  motor. 

3)  Hercules  Incorporated  is  more  familiar  with  the  design 
features  and  problem  areas  of  the  Poseidon  motor  structure 
than  with  the  Minuteman  III  motor. 


TABLE  I 


ACCELEROMETER  TEST  RESULTS 


STATIC  TEST  MAXIMUM  ”G"  LOADS  (ZERO  TO  PEAK) 


VI-QA-79 


VI-QA-80 


VI-QA-81 


95  g 0 11.9 

sec 

94  g 0 11.7 

sec 

Invalid 

120  g 0 12.: 

2 sec 

38  g 0 8.5  1 

sec 

In'«'’alid 

Invalid 

^6  g 0 12.4 

sec* 

52  g 0 10.9 

sec* 

51  g 0 12.2 

sec* 

36  g 0 12.7 

.sec* 

27  g 0 11.9 

sec* 

26  g 0 12.2 

sec* 

19  g 0 11.7 

sec 

Invalid 

28  g 0 11.9 

sec 

Invalid 

18  g 0 12.9 

sec 

VI-QA-82 


Invalid 

Failed 

43  g (3  17  see 
35  g 0 19  sec 
Failed 

76  g e 13  jcc 
84  g 0 17  sr-c 

79  g 0 I'l  sec 
55  g 0 16  see 

150  g 0 14  sec 
115  g 0 19  sec 

81  g C sec 
59  g 0 18  sec 

100  0 0 13  sec 
92  g 0 17  see 

23  g 0 13  '••‘C 
16  g 0 1 see 

16  g 0 1 2 see 
16  g 0 16  see 

20  g 0 13  see 
19  g 0 20  see 

MA 

NA 

MA 

29  g 0 14  see 
22  g 0 18  sec 

Failed 


e:  The  remaining  gages  were  not  installed  on  QA  motors  VI-QA-79,  -80,  and  -81. 


TABLE  II 


NATURAL  FREQUENCIES  FOR  THE  THIRD  STAGE  MINUTEMAN  II  MOTOR  CAVITY® 


Harmonic 

fn) 

Mode 

Frequency  (Hz) 

2-inch  Burn 

5 -inch  Burn 

NASTRAN 

Experimental 

NASTRAN 

Experimental 

0 

1 

578.4 

557 

517.7 

507 

2 

982.9 

939 

911.7 

882 

3 

1,406.0 

1,364.7 

1340 

4 

1,535.5 

1432 

1,621.7 

1545 

5 

2.007.6 

1928 

1,909.8 

1842 

6 

2,084.8 

1 

1 

771.4 

858.7 

2 

1,449.4 

1,266.9 

3 

2,004.3 

1,729.1 

4 

2,294.0 

1,998.0 

5 

2,290.9 

2,493.7 
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TRIAXIAL  ACCELEROMETER 
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Figure  2.  Flight  Test  Accelerometer  Locations  Similar  to  Static 
Test  Locations 
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Figure  6. - -Nozzle  Control  Unit  Instrumentation  Locations  for.. Motor  VIr-0Ar82 


Figure  7.  Isobar  of  Gas  Pressure  ano  Grain  Stress  for  Coupled  Vibration  at  IbO  Hz 


Figure  11.  Acoustic  Wave  Forms  of  Fundamental  and  Harmonic  Resonant  Frequencies  Near 


Figure  12.  Acoustic  Wave  Shapes  Along  Wall  Between 
15 -Second  Burn  Model 
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FOREWORD 


This  report  was  written  under  Task  2 of  Air  Fbfce  Contract  No* 
F04611-73-C“0025i  Acoustic  pressure  mode  shapes  and  natural  frequencies 
for  use  in  Task,  3 analyses  are  defined  herein.  This  report  is  not  a 
required  co|tfact  data  item*  This  work  was  performed  by  Hercules 
Incorporated,  Systems  Group,  at  the  Bacchus  Worksj  Magna,  Utah.  The 
cognizant  project  engineer  is  Dr.  D.  George/AFRPL , Edwards  Air  Force 
Basej  California. 


ABSTRACT 


The  purpose  of  Task  2 was  to  provide  acoustic  pressure  mode  shapes 
and  natural  frequencies  for  the  frequency  response  finite-element  analyses 
which  are  to  be  performed  under  Task  3.  Existing  data  on  mode  shapes  and 
frequencies  from  four  major  sources  were  reviewed.  It  was  concluded 
that  existing  data  could  be  used  for  definition  of  the  mode  shapes  and 
no  additional  acoustic  analyses  were  performed.  Data  from  MSC  NASTRAN 
analyses,  MC  acoustic  tests,  Hercules  analyses,  and  Hercules  acoustics 
tests  were  reviewed  and  compared.  Two  longitudinal  and  two  transverse 
modes  were  defined  at  each  of  the  two  selected  burn  times.  Burn  times 
selected  for  the  analyses  are  zero  and  4.0  seconds. 
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SECTION  I 


INTRODUCTION  AND  SUMMARY 

A.  INTRODUCTION 

The  work  to  be  accomplished  under  Task  2 is  -described  in  the  approved 
program  plan: 

"Existing  test  data  and  analysis  results  ^J'.U  be  reviewed 
in  an  effort  to  define  acoustic  presfcuio  modes  and  corres- 
ponding frequencies  for  the  baseline  motjri  If  existing 
information  is  not  sufficient,  the  ac(ii:stic  analyses 
will  be  performed  as  required  to  supr  the  missing 
infom.ation«  Two  longitudinal  aud  f - '/  transverse 'mode 
shapes  are  required  for  each  of  tr  .fferent  burn 
times.  The  particular  modes  will  oelected  on  the 
basis  of  maximum  hardware  responsn.  Required,  but  at 
present  unavailable,  acoustic  anaiyies  will  be  performed 
using  the  acoustic  analysis  capability  of  NASTRAN  Level 
15.  One  of  the  burn  times  considered  will  correspond  to 
the  zero  burn  condition  applicable  to  the  inert  motor  to 
be  tested  in  Task  4.  The  ^/acond  burn  time  will  be 
selected  based  on  maximum  component  response  and  if 
possible,  such  that  both  longitudinal  and  transverse 
acoustic  mode  excitation  is  present.  The  pressure  modes 
will  be  prepared  for  use  as  input  to  the  structural 
analysis  of  Task  3." 

This  report  documents  the  work  which  has  been  accomplished  under 


this  task.  Two  burn  times  have  been  selected  as  required  and  mode 
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shapes  and  frequencies  for  the  pressure  distributions  have  been  defined. 
The  pressure  distribution -data  given  in  this  report  will  be  used  in  the 
analyses  of  Task  3. 

B.  SUMMARY 

To  make  a logical  selection  of  burn  times  as  required  in  the  work 
statement,  existing  data  were  reviewed  and  some  additional  static  firing 
data  were  reduced.  The  zero  burn  time  was  selected  for  analysis  so  that 
resulcs  from  the  zero  burn  time  motor  configuration  tested  in  Task  4 
could  be  used.  Tbs  second  burn  tim.i  of  4.0  seconds  was  soleJted  based 

I 

on  the  variety  of  acoustic  modes  which  are  active  in  the  neighborhood  of 
that  burn  time. 

A further  review  of  existing  data  was  made  to  select  particular 
frequencies  and  mode  shapes  for  analysis.  Existing  frequency  and  mode 
shape  data  from  MSC  NASTRAi]  analyses,  HWC  acoustic  tests,  Hercules 
analyses,  and  Hercule.  acoustics  tests  were  reviewed  and  compared.  It 
was  necessary  to  apply  correction  factors  to  some  of  the  data  so  that 
comparisons  could  be  made  on  a uniform  basis.  Two  longitudinal  and  two 
tangential  modes  were  selected  for  analysis  at  each  of  the  two  burn 
times  as  required  in  the  work  statement.  All  required  mode  shapes  were 
defined. 
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SECTION  II 


EXISTING  DATA  XEVIEW 

The  primary  sources  of  data  and  information  for  study  of  acoustic 
modes  of  the  C-3  Poseidon  S/S  motor  are  listed  and  discussed  in  this 
section.  No  attempt  is  made  in  this  discussion  of  individual  data 
sources  to  compare  reported  results.  Reported  data  may  not  be  directly 
comparable  since  some  data  correspond  to  cold  air  condition^  and  other 
data  apply  to  hot  motor  firing  conditions.  The  difference  in  the  speed 
of  sound  in  cold  air  compared  with  the  speed  of  sound  in  hot  combustion 
gas  is  responsible  for  large  differences  in  the  frequencies  at  which 
particular  acoustic  modes  occur.  An  effort  is  made  to  compare  resulcs 
from  different  sources  in  later  sections  of  this  report  by  making 
speed-of-sound  corrections.  In  addition,  the  rationale  used  in  selecting 
burn  times,  modes,  and  frequencies  is  discussed  in  the  following 
sections , 

1.  NASTRAN  Acoustic  Analysis  (MSC) 

An  analysis  was  performed  on  the  combustion  cavity  of  the 
Poseidon  S/S  motor  by  the  MacNeal-Schwendler  Corporation  using  the 
special  acoustic  cavity  capability  which  is  available  in  NASTRAN,  Level  15. 
Results  of  the  analysis  are  reported  in  both  References  1 and  2.  Table  I, 
extracted  from  Reference  1,  gives  the  calculated  natural  frequencies. 

The  pressure  distribution  mode  shapes  corresponding  to  the  given 
calculated  frequencies  are  illustrated  in  Figures  la,  lb,  and  Ic,  The 
figures  ’sere  obtained  from  Reference  1. 

2.  Hercules  Acoustics  Tests 

At  Hercules,  an  effort  was  made  to  experimentally  measure 
acoustic  mode  shapes  and  corresponding  natural  frequencies  for  the 
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acoustic  cavity.  Three  different  fullscale  models  were  usedj including  a 
fullscale  inert  motor  to  obtain  results  for  three  different  burn  times. 

This  work  is  reported  in  Reference  3. 

O 

Three  pure  longitudinal  modes  were  reported  to  occur  at 
frequencies  of  about  240,  555,  and  430  Hz.  Figure  2,  taken  from 
Reference  3,  shows  the  240  Hz  mode  shape. 

Reference  3 is  a final  report  on  the  Hercules  acoustic  testing 
program.  Additional  information  is  available  in  various  intermediate 
reports.  Reference  4 is  an  intermediate  report  which  contains  detailed 
mode  shape  plots.  Figures  3 and  4,  taken  from  Reference  4,  show  .the 
mode  shapes  corresponding  to  the  355  and  450  Hz  measured  natural  frequencies. 

In  Figure  2,  the  phase  for  the  peak  which  occurs  between  20  and 
40  inches  is  indicated  to  be  180  degrees.  Thus,  this  peak  should  be 
drawn  down  rather  than  up  to  obtain  the  more  conventional  in-phase  mode 
shape  diagram.  The  same  reasoning  must  be  applied  to  the  mode  shapes 
shown  in  Figures  3 and  4 where  in-phase  or  out-of-phase  is  indicated  by 
the  "hash"  marks  along  the  top  of  the  plot. 

3.  Naval  Weapons  Center  Acoustics  Tests 

A series  of  acoustics  tests  were  performed  on  one-quarter  scale 
models  of  the  Poseidon  S/S  combustion  cavity  at  the  Naval  Weapons  Center, 
China  Lake,  California.  According  to  a recent  communication  with  NWC, 
results  from  these  tests  hav  not  yet  been  published.  However,  some 
informal  data  on  NWC  tests  are  available  in  Hercules  files.  According 
to  Hercules  records  from  meetings  and  telephone  conversations  with  NWC 
personnel,  the  frequencies  for  the  first  three  axial  modes  at  three 
different  burn  times  are  as  given  in  Table  II.  A more  complete  listing 
of  frequencies  is  given  in  Table  III.  Apparently,  the  axial  mode 


frequencies  given  in  Table  III  were  later  updated  for  an  unknown  .reason 
to  those  given  in  Table  II.  Thus,  Table.  Ill  is  apparently  partially 
obsolete,  but  is  presented  for  the  sake  of  the  tangential  and  radial 
mode  frequencies  which  are  given. 

4.  Hercules  Finite-Element  Acoustic  Analysis 

An  axisymmetric  finite-element  model  of  -the  Poseidon  S/S 
combustion  cavity  was  analyzed  with  the  use  of  Hercules  program  no. 

62402,  "Axisymmetric  Vibration  Potential  Energy  Program",  A formal 
report  on  this  analysis  has  not  been  issued;  however,  some  results  were 
given  in  Reference  3.  The  results  from  Reference  3 are  shown  in 
Figure  5. 

Reasonable  agreement  between  experimental  and  analytical 
mode  shapes  is  shown  in  Figure  5.  Note  that  the  mode  is  labeled  as  a 
third  mode  in  the  figure  title,  but  the  mode  shape  appears  to  be  a 
second  mode.  The  mode  shape  shown  is  considered  to  be  a third  mode 
based  on  the  reasoning  that  the  pressure  decreases  along  the  grain 
surface  in  the  gap  between  the  grain  and  nozzle  bucket,  thus  making  the 
mode  shape  appear  more  like  a third  mode. 

Although  the  analysis  is  unpublished,  some  results  are  on  file 
at  Hercules.  The  first  three  If'r.feiLjdinal  modes  were  found  to  occur  at 
frequencies  of  126,  220,  and  360  Hz.  By  varying  the.  boundary  conditions 
assumed  for  the  axisymmetri.c  model,  the  second  frequency  was  varied  from 
215  Hz  to  230  llz . Another  resonance  was  found  to  occur  at  286  Hz,  but  it 
was  not  identified  as  a longitudinal  mode.  The  mode  shapes  for  the 
first  three  longitudinal  modes  are  shown  in  Figures  6,  7,  and  8. 


5 . Hercules  Static  Firing  Data 

Pressure  oscillation  data  and  accelerometer  data  from  all 
Hercules  static  firings  of  Poseidon  S/S  motors  are  available  from  the 
Test  Analysis  Group  at  the  Hercules  Bacchus  Works.  These  data  have  not 
been  collected,  analyzed,  and  reported  as  a complete  set,  but  individual 
firing  reports,  in  addition  to  raw  data  in  the  form  of  FM  tapes,  are 
available. 

To  isolate  frequencies  of  interest  in  the  firing  data 
(accelerometer  and  pressure  gage  data) , the  FM  tapes  recorded  during  the 
firings  are  p^  ,c:d  through  a frequency  analyzer.  A Quan-Tech  Model  305 
Tracking  Wave  and  Spectrum  Analyzer  is  used.  For  routine  firing  data 
analysis,  the  usual  procedure  is  to  use  the  wave  analyzer  in  the  tracking 
mode  with  a 100  Hz  bandwidth  filter.  In  the  tracking  mode,  the  analyzer 
will  track  the  predominant  frequency  in  a preselected  frequency  range 
over  a given  time  interval  and  output  the  amplitude  of  the  signal  which 
passes  through  the  100  Hz  bandwidth  filter. 

Results  from  many  firings^  have  been  used  to  plot  the  response 
envelopes  shown  in  Figure  9.  The  motor  is  said  to  respond  generally  at 
nominal  frequencies  of  250,  670,  750,  1300,  2000,  and  2600  Hz  and  at  some 
higher  frequencies.  In  addition,  weaker  response  levels  are  sometimes 
measurfed  at  frequencies  of  500,  1000,  1200,  2700,  and  3900  Hz.  The  weaker 
response  levels  are  not  indicated  in  Figure  9. 

6.  Task  4 Acoustic  Testing  Results 

Acoustic  vibration  testing  on  a fullscale  inert  motor  was 
conducted  under  Task  4 of  this  program.  Results  from  the  testing  are 
reported  in  Reference  5.  The  pressure  distribution  along  the  circular 
portion  of  the  cencerbore  «s  mapped  at  frequencies  of  57,  158,  192,  265, 
315,  and  364  Hz,  The  extent  of  mapping  conducted  is  not  sufficient  to 
completely  define  a mode  shape,  but  it  should  be  possible  to  use  these 


data  for  mode  shape  identification  by  comparing  with  other  available  mode 
shapes.  In  addition,  some  of  the  accelerometer  frequency  response  data 
may  be  useful  in  this  Task  2 work.  Plots  of  accelerometer  output  as  a 
function  of  frequency  are  given  in  Reference  5. 
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BURU  TIME  SELECTION 

One  burn  time  has  been  preselected  and  needs  no  further  discussion. 
The  zero  burn  time  is  selected  so  that  results  from  NASTRAN  math  models 
can  be  compared  with  test  data  obtained  from  the  inert  motor  testing  of 
Task  4.  The  inert  motor  had  a zero  burn  time  grain  configuration. 

The  second  burn  time  was  to  have  been  selected  to  obtain  maximum 
component  response  and  if  possible,  such  that  both  longitudinal  and  trans- 
verse acoustic  modes  are  present.  To  provide  more  information  for  burn 
time  selection,  accelerometer  data  from  two  static  firings  were  analyzed 
in  detail.  An  accelerometer  mounted  on  the  aft  adapter  ring  was  selected 
for  this  detai'*ed  study.  The  data  study  reported  in  this  section  was 
previously  reported  in  Reference  6. 

Accelerometer  data  from  Poseidon  S/S  static  fired  motors  SP-0131  and 
SP-0160  were  analyzed.  The  data  came  from  accelerometer  no.  AC-250,  which 
was  mounted  on  the  aft  adapter  ring  for  both  motors.  The  AC-250  accelerom- 
eter measured  response  accelerations  in  the  motor  axial  direction. 

The  accelerometer  data  were  analyzed  by  playing  FM  tapes  through  a 
Ouan-Tech  Model  305  Tracking  Wave  and  Spectrum  Analyzer.  The  amplitude- 
time response  was  mapped  over  certain  frequency  ranges  by  filtering  the 
accelerometer  signal  with  a 10  Hz  bandwidth  filter  with  a constant  (non- 
tracking) center  frequency.  To  map  a particular  frequency  range,  the 
filter  center  frequency  was  moved  across  the  range  of  interest  in  10  Hz 
increments  with  the  analysis  being  repeated  each  time  the  filter  center 
frequency  was  shifted. 

As  shown  in  Figure  9,  there  are  four  predominant  frequency  ranges 
between  0 and  2000  Hz;  (1)  240  to  260  Hz,  (2)  600  to  800  Hz,  (3)  1200  to 
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1500  Hz,  and  (4)  1900  to  2100  Hz.  To  obtain  a more  detailed  description 
of  motor  responses  in  these  frequency  ranges,  each  range  was  mapped  using 
the  procedure  outlined  above. 

Results  of  the  frequency  mapping  for  the  1900  to  2100  Hz  range  are 
shown  in  Figures  10  and  11.  Each  separate  curve  indicates  the  vibration 
amplitude  as  a function  of  firing  time.  Curves  for  the  different  fre- 
quencies have  been  shifted  on  the  plot  so  that  each  separate  curve  has  a 
different  zero  reference  for  the  vibration  amplitude  scale.  Values  for 
vibration  amplitude  are  not  shown,  but  the  scales  are  comparable  for  the 
individual  curves.  Observation  of  Figures  10  and  11  indicates  that  the 
2000  Hz  mode  begins  at  about  one  second  of  burn  time  and  at  a frequency 
of  about  2020  Hz.  The  amplitude  quickly  increases  to  a maximum  at  2 to 
2-1/2  seconds  as  the  frequency  decreases  slightly  to  between  1900  and 
2000  Hz.  The  2000  Hz  mode  has  nearly  disappeared  by  4 seconds  of  burn  time. 

The  mapping  of  the  1200  to  1500  Hz  frequency  range  is  shown  in 
Figures  12  and  13.  Figure  13  shows  that  two  distinct  resonances  occur 
in  the  1200  to  1500  Hz  frequency  range.  The  first  begins  at  approximately 
4 seconds  and  lasts  until  approximately  6 seconds  with  the  frequency 
shifting  from  1320  to  1350  Hz.  From  approximately  5 to  6 seconds,  the 
amplitude  of  the  shifting  resona»-,e  subsides,  as  shown  by  the  curves 
labeled  1360  through  1390.  At  approximately  6 seconds,  the  amplitude  of 
the  shifting  resonance  increaser.  as  it  covers  the  range  of  1400  to  1490  Hz. 
By  approximately  seconds  the  resonance  has  faded  away.  The  general 
trend  shown  by  Figure  12  is  similar  to  that  shown  in  Figure  13,  but 
resonant  amplitudes  are  considerably  smaller.  In  Figures  12  and  13  there 
is  a small,  narrow-banded  resonance  which  occurs  at  1450  Hz  at  approxi- 
mately 3 seconds. 


Results  of  mapp.’hg  the  600  to  800  Hz  frequency  range  are  shown  in 
Fi'grres  14  and  15.  Both  figures  indicate  that  two  relatively  narrow- 
banded  resonances  are  present  in  the  600  to  800  Hz  range.  The  first 
resonance  occurs  at  approximately  3 seconds  and  at  a frequency  of  720  to 
730  Hz.  This  resonance  apparently  has  a strong  second  harmonic  which 
occurs  at  1450  Hz  as  discussed  above  (see  Figure  13) . The  second 
distinct  resonance  occurs  at  670  to  680  Hz  beginning  at  approximately 
8 seconds . The  two  resonances  in  the  600  to  800  Hz  range  appear  to  be 
unrelated,  while  the  two  resonances  in  the  1200  to  1500  Hz  range  could 
result  from  a frequency  shift  of  the  same  mode  as  the  burn  surface 
advances . 

Figures  16  and  17  show  the  results  of  mapping  the  240  to  250  Hz 
range.  Results  are  not  as  consistent  from  motor  to  motor  as  results 
obtained  for  other  frequency  ranges.  Figure  16  shows  a definite  resonance 
in  the  4 to  5 second  area  which  begins  at  250  Hz  and  shifts  to  240  Hz. 

The  730  Hz  response  shown  in  Figure  14  may  be  a third  harmonic  of  this 
240  Hz  resonance.  The  results  shown  in  Figure  17  indicate  that  the  230  to 
280  Hz  range  contains  a relatively  large  amount  of  noise  (high-level 
response  over  a broad  frequency  range).  However,  two  peaks  stand  out  from 
the  general  high  noise  level;  (1)  a peak  at  3 to  4 seconds  on  the 
260  Hz  curve,  and  (2)  a peak  at  6 to  7 seconds  on  the  240,  250,  and  260  Hz 
curves . 

Weak  responses  have  reportedly  occurred  near  500  Hz  and  near  1000  Hz 
on  some  motors.  Both  areas  were  mapped  for  motor  SP-0131  and  the  results 
are  shown  in  Figures  18  and  19.  Figure  i8  shows  that  the  frequency  range 
near  500  Hz  is  noisy  like  the  250  Hz  range.  However,  a distinct  resonance 
is  observed  at  approximately  4 seconds  at  530  to  540  Hz.  Two  other 
broad-banded  resonances  occur  at  approximately  6-1/2  and  10  seconds.  The 
broad-banded  resonances  appear  in  each  plot  for  frequencies  between  450  and 
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490  Hz.  Figure  19  indicates  that  no  sigrificaht  resonance  response  was  ' 
measured  for  motor  SP-0131  between  the  frequencies  of  960  and  1200  Hz. 

The  data  analysis  reported  in  this  section  has  served  to  display  the 

)* 

vibration  characteristics  of  the  Poseidon  S/S  motor  in  greater  detail 
than  given  in  firing  reports.  Results  given  here  will  be  used  to  help 
interpret  results  from  finite-element  models  of  the  motor  and  to  verify 
the  accuracy  of  the  models. 

The  accelerometer  data  illustrated  in  Figures  Id  through  19  are 
summarized  in  Figure  20.  Figure  20  is  similar  to  Figure  9 in  that  it 
gives  envelopes  of  response  data  from  static  firings.  The  data  analysis 
method  used  to  obtain  Figure  20  should  give  improved  resolution  over  the 
method  used  for  Figure  9 (e.g.,  a 10  Hz  bandwidth  filter  was  used  for 
Figure  20  compared  with  a 100  Hz  bandwidth  filter  for  Figure  9).  However, 

Figure  20  is  the  result  of  analyzing  only  one  accelerometer  on  each  of  two 
different  firings  while  Figure  9 is  based  on  many  firings. 

From  observation  of  Figures  9 and  20,  it  can  be  seen  that  250,  500, 
and  1300  Hz  frequencies  are  present  at  a four  second  burn  time.  In 
addition,  the  750  and  1450  Hz  frequencies  occur  near  to  the  four  second 
burn  time.  A burn  time  of  four  seconds  is  therefore  a relatively  busy 
time  for  the  motor  and  is  seloct'-u  .^s  the  second  burn  time  to  be  analyzed 
in  Task  3. 
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SECTION  IV 


ACOUSTIC  MODE  SELECTION 

In  Section  II,  acoustic  frequency  and  mode  shape  data  from  several 
sources  v?ere  reviewed.  Some  of  the  results  were  not  comparable  because 
of  differences  in  gas  properties  (speeds-of-sound) . In  this  section, 
the  differing  data  are  corrected  for  speed-of-sound  differences  and 
compared.  The  data  are  then  used  to  select  two  longitudinal  and  two 
transverse  modes  for  analysis  at  the  two  burn  times. 

The  speed  of  sound  in  air  at  20°  C is  given  as  1120  ft/sec.  The 

speed  of  sound  in  hot  gases  in  the  combustion  cavity  of  the  motor  ‘during 

firing  is  a function  of  chamber  pressure.  Using  a mean  chamber  pressure 

of  325  psi,  a speed  of  sound  of  approximately  3625  ft/sec  was  calculated 

for  the  motor.  The  resulting  ratio,  approximately  3.2,  has  been  used  in 
3 

past  work  to  convert  cold  air  data  to  hot  tiring  conditions. 

Some  additional  consideration  is  necessary  to  study  the  MSG  analysis 
data  and  the  NWG  testing  data.  The  NWG  data  require  application  of  a scale 
factor  because  the  model  tested  was  one-quarter  scale.  The  MSG  analysis 
data  are  not  complete  because  the  speed  of  sound  used  in  the  calculations 
is  not  specified.  The  following  information,  obtained  during  a telephone 
conversation  with  H.  B.  Mathis  of  the  Naval  Weapons  Genter,  is  applicable; 
During  the  time  that  MSG  was  conducting  the  acoustic 
analyses  reported  in  Reference  1,  a meeting  was  held  at 
RPL  between  H.  B.  Mathis  of  NWG,  D.  N.  Herting  of  MSG, 
and  Robert  Shoener  of  RPL.  At  this  time,  the  NWG  testing 
data  were  transmitted  to  D.  N.  Herting.  The  speed-of-sound 
employed  in  the  MSG  analysis  was  obtained  from  Aerojet.  In 


order  to  get  NWC  data  to  match  MSC  results,  a correction 
factor  was  obtained  by  shifting  the  second  mode  test  data 
frequency  into  exact  agreement  with  analytical  results. 

The  same  correction  factor  was  then  applied  to  the 
remainder  of  the  MG  data  to  obtain  the  data  labeled 
"experimental"  in  Table  I. 

To  determine  the  factor  which  was  used  on  NWC  data  for  comparison  with 
MSC  results,  the  corresponding  frequencies  for  the  first  three  axial  modes 
have  been  extracted  from  Tables  I and  II  and  are  listed  again  in  Table  IV. 
The  information  given  in  Table  IV  shows  that  NWC  data  were  multiplied  by 
approximately  1.216  to  obtain  the  results  listed  under  "Experimental"  in 


Table  I. 


At  the  present  time,  the  speed -of-sound  assumed  by  NWC  for  the  data  of 
Table  II  is  unknown.  However,  Table  III  contains  a factor  of  0.822  for 
conversion  from  model  to  motor  conditions.  According  to  Mr.  Mathis,  the 
0,822  contains  both  the  scale  factor  (one-quarter)  and  a speed-of-sound 
conversion.  It  therefore  appears  that  NWC  used  a conversion  factor  of  3.29 
compared  with  the  3.2  used  by  Hercules  (3.29/4,0  = 0,822), 

To  compare  NWC  results  with  Hercules  data,  a factor  of  3.20/3.29  = 
0.973  should  be  applied  to  NWC  d-ita.  To  put  MSC  analysis  results  on  a 
comparable  basis,  the  MSC  results  should  be  multiplied  by  0.972/1.216  = 
0.80.  The  data  shown  in  Table  V have  been  multiplied  by  the  appropriate 
factors.  The  Hercules  analysis  and  acoustic  test  data  were  multiplied  by 
3.2  for  comparison  in  Table  V. 

In  Table  V there  is  quite  good  agreement  between  MSC  results  and  NWC 
df  '■a.  In  addition,  the  Hercules  analysis  and  test  data  seem  to  confirm  the 
frt  ies  of  the  third  and  fourth  longitudinal  modes.  To  obtain  this 
agreement,  the  Hercules  analysis  frequencies  previously  given  for  the 


B-22 


first,  second,  and  third  modes  were  assumed  to  correspond  with  the 
second,  third,  and  fourth  modes  instead.  Natural  frequencies  were 
determined  by  the  frequency  response  method  in  the  Hercules  analysis  and 
a lower  mode  could  have  been  overlooked.  The  second  mode  frequency 
(403  Hz)  determined  by  Hercules  analysis  is  not  in  good  agreement  with 
MSG  and  N^^G  data.  Frequencies  for  the  first  and  second  tangential  modes 
(Tj^  and  T^)  is  determined  by  Hercules  tests,  are  not  in  agreement  with  the 
corresponding  MSG  and  NWG  data.  However,  the  frequencies  labeled  "Tx" 
under  Hercules  tests  are  in  close  agreement  with  the  frequencies  labeled 
"T3"  under  MSG  Analysis  and  NWG  Tests.  Likewise,  the  Hercules  Test 

i 

frequencies  labeled  "T2"  appear  to  be  in  agreement  with  the  MSG  and  NWG 
data  labeled  "Tg" . 

The  MSG  analysis  results  from  Table  V have  been  plotted  in  Figure  9 
for  three  axial  and  three  tangential  modes  for  comparison  with  static  firing 
envelopes.  Based  on  the  data  comparison  shown  in  Figure  9,  the  following 
modes  are  selected  for  use  in  Task  3 analyses: 

A.  Zero  Burn  Time 

Since  the  first  longitudinal  mode  does  not  occur  in  the 
static  firing  data  at  a zero  burn  time  and  the  second  mode  response  is 
generally  weak,  the  third  longitudinal  mode  at  a calculated  frequency  of 
770  Hz  is  selected  for  analysis  of  the  zero  burn  time  model.  Response  of 
the  model  to  the  770  Hz  mode  will  be  used  for  comparison  with  static  firing 
data.  In  addition,  the  fourth  longitudinal  mode  which  occurs  at  365  Hz  in  air 
selected  for  analysis  to  provide  results  for  comparison  with  the  acoustic 
testing  of  Task  4.  During  the  Task  4 testing,  a strong  response  was 
observed  at  the  365  Hz  frequency. 

Since  no  static  motor  response  is  observed  at  the  frequency 
of  the  T2  tangential  mode,  the  first  and  third  modes  are  selected  for  use 
in  the  Task  3 analyses  (Tl  = 668  Hz  and  T3  = 1327  Hz) . Analytical  results 
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will  be  compared  with  static  firing  data  at  the  and  frequencies. 

B . If.our  Second  Burn  Time 

The  first  longitudinal  mode  is  active  at  the  four  second 
burn  time  as  indicated  in  Figure  9.  Also,  frequencies  near  to  the  third 
mode  frequency  are  present.  Therefore,  the  first  and  third  longitudinal 
modes  are  selected  for  Task  3 analyses.  Using  linear  interpolation  with 
the  values  given  in  Table  V gives  = 281  Hz,  A3  = 805  Hz,  Ti  = 634  Hz, 
and  T3  = 1220  Hz  for  the  4.0  second  burn  time. 

Tangentials  T^  and  T2  are  selected  for  analysis  at  the 
4.0  second  burn  time  because  both  occur  at  frequencies  close  to  the 
measured  static  firing  response  envelope  of  Figure  9.  The  interpolated 
frequencies  are  Tj^  = 634  Hz  and  T2  = 830  Hz.  Mode  shapes  are  discussed 


in  the  next  section. 
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SECTION  V 

DEFINITION  OF  ACOUSTIC  MODE  SHAPES 

The  acoustic  mode  natural  frequencies  and  the  corresponding  mode 
shapes  which  were  selected  in  Section  IV  are  summarized  in  Table  VI. 

The  longitudinal  mode  shapes,  A^,  A3,  and  A4  are  defined  in  Figure  1. 

The  tangential  mode  shapes  Tj^,  T2,  and  T3  are  discussed  and  defined  in 
this  section. 

Apparently,  the  only  source  for  the  tangential  mode  shapes  is  the 
acoustic  testing  performed  by  Hercules.  Other  potential  sources  were  the 
NWC  testing  and  the  MSC  analyses.  However,  no  tangential  mode  shapes 
appear  to  be  availabJ.e  from  these  other  sources  . 

Using  Hercules  testing  data  has  the  disadvantage  that  only  the 
higher  frequency  modes  were  studied.  For  example,  the  first  tangential 
mode  was  determined  to  occur  at  410  Hz  in  the  model  or,  using  the  factor 
of  3.2  previously  discussed,  at  1312  Hz  under  hot  motor  conditions.  As 
noted  in  Table  VI,  the  third  tangential  mode  was  determined  analytically  to 
occur  at  1327  Hz.  It  is  therefore  assumed  that  the  mode  determined  by 
Hercules  testing  to  occur  at  1312  Hz  is  actually  a third  mode  rather  than  a 
first  mode.  The  testing  program  apparently  missed  the  lower  frequency 
modes . 

The  1312  Hz  tangential  mode  shape  determined  by  Hercules  acoustics 
testing  is  shown  in  Figures  21  and  22.  The  circumferential  pressure 
distribution  shown  in  Figure  22  was  observed  to  occur  all  along  the 


cylindrical  section  of  the  motor.  The  mode  shape  indicated  in  Figure  1. 
basically  a first  tangential  mode  rather  than  the  expected  third  tangential 
mode.  The  longitudinal  pressure  distribution  shown  in  Figure  21  indicates 
that  the  1312  Hz  mode  appears  to  be  a second  longitudinal  mode  superimposed 
on  a first  tangential  mode.  The  mode  shapes  indicated  in  Figures  21  and  22 
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will  be-  used  to  define  the  T3  mode  shape  as  required  in  Table  VI ■. 

Since  no  specific  information  is  available  for  definition  tf  the  T-x 
and  T2  mode  shapes  at  approximately  668  Hz  and  830  Hz,  it  will  be  assumed 
that  both  are  composed  of  the  first  tangential  mode  shape  as  shown  in 
Figure  22.  The  second  mode  at  830  Hz  will  be  assumed  to  consist  of  the 
first  longitudinal  superimposed  on  the  first  tangential  and  the  first  mode 
at  668  Hz  will  be  assumed  to  be  a pure  first  tangential  mode  distributed 
uniformly  along  the  length  of  the  combustion  cavity  (i.e,,  no  superimposed 
longitudinal  mode) . 

None  of  the  mode  shapes  defined  in  this  section  specify  a pressure 
distribution  for  the  dome  cavities.  To  account  for  the  presence  of  the 
combustion  gas  in  the  dome  cavities,  scalar  springs  will  be  used  in  the 
appropriate  finite-element  models.  The  approach  of  using  scalar  sp'.ings 
in  the  dome  cavities  is  in  accordance  with  the  approved  program  plan. 


SECTION  V.I 


CONCUJSIONS  AND  RECOMMENDATIONS 

Based  on  the  data  review  and  discussion  given  in  this  report,  it 
appears  that  the  frequencies  and  mode  shapes  for  the  first  four 
longitudinal  modes  are  fairly  well  established.  The  tangential  mode 
shapes  are  not  as  clearly  defined. 

It  is  recommended  that  the  longitudinal  and  tangential  acoustic 


mode  shapes  and  the  corresponding  frequencies  defined  in  this  report  be 
used  in  the  analyses  required  in  Task  3. 


TABLE  I 


NATURAL  FREQUENCIES  FOR  THE  POSEIDON  SECOND  STAGE  MOTOR  CAVITY* 


Harmonic 

(n) 


Frequency  (Hertz) 


0 Burn 


mental 


388.1 

61(5.0 

962.0 
1^122.0 

1769.0 
2010.8 


835.1 

lilS.** 

1659.1 

1832.8 

2105.7 

2236.8 


3"  Burn 

NASTRAN  , 

Experi- 
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32'J.O 

322 

678.3 
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1051 

IA3O.8 

1425 
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1831 

199^i.'t 
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868 

13'i'i.D 

1349 

1558.2 

1552 

1812.5 

2130.1  ' 

1 

2094 

’.■Taken  from  Reference  1 


TABLE  III 


* ACOUSTIC  MODEL  FREQUENCY  CALCULATIONS 
(NWC  DATA) 


Axial  Frequencies  (superseded  by  Table  II) 


2.  Tangential  Frequencies 


Mode  No. 


0 sec  1 

2.' 5 sec  i 

1 7.0  sec 

Model 

Motor 

Modal 

Motor 

Mod  el 

Motor 

1630 

1340 

1485 

1221 

1250 

1028 

2705 

2224 

2463 

2025 

2074 

1705 

3720 

3058 

3388 

2785 

2853 

■2345 

4709 

3871 

4288 

3525 

3611 

2968 

5679 

4668 

3172 

4251 

. 4356 

3581 

8004 

6579 

7290  . 

5992 

6139 

5046 

3.  Radial  Frequencies 


0 sec 

Mode  No.  Model  Motor 


1 2.5  sec  1 

I Model 

Motor 

3090 

2540 

5658 

4651 

7.0  sec 


Model  Motor 


Model  to  Motor  Frequency  Conversion  Factor 


b)  Mode  2.  f --=  6^5.0  Hz 


Figure  la.  Poseidon  Second  Stage  Mode  Shapes,  n = 0,  t - 0.0  Sec 


ri)  Mode  f = l,i»22.0  Hz 


Figure  lb.  Poseidon  Second  Stage  Mode  Shapes,  n = 0,  t - 0.0  Sec 


f)  Mode  6.  f = 2,010.8.  Hz 


Figure  Ic.  Poseidon  Second  Stage  Mode  Shapes,  n - 0,  t ~ 0,0  Sec 


Figure  4.  Longitudinal  Pressure  Mode  Shape  Measured  at  427 


Acoustic  Pressure  Distribution  for  First  Longitudinal  Mode. (126  Hz)  Predicted  by 


Figure  7.  Acoustic  Pressure  Distribution  for  Second  Longitudinal  Mode  (219  Hz)  Predicted  by 
Finite-Element  Model  with  Aft  Dome  Cavity  Open  and  Blocked  Nozzle  Throat 


Figure  8.  i^coustic  Pressure  Distribution  for  Third  Longitudinal  Mode  (360  Hz)  Predicted  by 


FREQUENCY  (HZ) 
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Figure  31.  Frequency  Mapping  for  Foseidon  S/S  Motor  SP-0131,  Accelerometer 
No.  A.C-250,  Frequency  Range  1980  Hz  to  2050  Hz 


Figure  12a.  Frequency  Mapping  for  Poseidon  S/S  Motor  SP-0160,  Accelerometer 
No.  AC -250,  Frequency  Range  1380  to  1510  Hz 
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figure  12b.  Frequency  Mapping  for  Poseidon  S/S  Motor  SP-0160,  Accelerometer 
No.  AC -250,  Frequency  Range  1290  to  1370  Hz 


Figure  13b.  Frequency  Mapping  for  Poseidon  S/S  Motor  SP-0131,  Accelerometer 
No.  AC-250,  Frequency  Range  1460  to  1500  Hz 


Figure  14.  Frequency  Mapping  for  Poseidon  S/S  Motor  SP-0160,  Accelerometer 
No.  AC-250,  Frequency  Range  650  to  770  Hz 
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Figure  16.  Frequency  Mapping  for  Poseidon  S/S  Motor  SP-0160,  Accelerometer 
No.  AC -250,  Frequency  Range  230  to  310  Hz 
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Figure  21,  Longitudinal  Pressui ' Distribution  Along  the  Wall  for  the  Third  Tangential  Mode  at 
1312  Hz  (10  -1/1  L Moo^l) 


Figure  22.  Circumferential  Pressure  Distribution,  10-1/2  L Model,  1312  Hz 
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1.0  THEORY  FOR  ANALYSIS  OF  FREQUENCY  DEPENDENT  MATERIALS 


Viscoelastic  materials  can  be  analyzed  by  NASTRAN  in  frequency  response 
problems.  The  properties  o^^  (Viscoelastic  materials  (for  example,  a solid 
propellant  rocket  grain)  include  a combination  of  elastic  and  viscous  pheno- 
mena. For  sinusoidal  response,  these  may  be  described  in  terms  of  frequency 
dependent  material  properties. 

Elastic  material  properties  available  in  NASTIWN  are  discussed  in  Section 
4.2  of  the  Theorccical  Manual.  Section  9.3.3  shows  how  damping  can  be  added 
to  the  model.  These  material  properties  are  used  to  compute  the  stiffness 
matrix.  Equation  (16)  of  Section  9.3  is  reproduced  below.  It  shows  the 
standard  stiffness  matrix  for  direct  frequency  response. 

4.1  * '^.Id  * «dd  • 

where 

is  the  stiffness  matrix  for  structural  elements.  Subscript  d 
^ I’efers  to  the  "dynamics"  degrees  of  freedom,  e.g.,  set  u^. 

2 

is  the  direct  input  matrix,  wh.'ch  is  not  an  "element"  related 
matrix. 

4 

Kjj  is  the  element  structural  damping  matrix, 
g is  the  overall  structural  damping. 

Both  and  are  formed  by  the  structural  matrix  assembler.  Their  Y*ilt:es 
are  the  sums  of  the  element  stiffness  matrices.  For.  each  element,  a struc- 

4 

tural  damping  g^  may  be  specified  on  the  material  property  card.  The 

matrix  for  each  clement  is  g„  times  the  K^,  matrix. 

e elem 

The  viscoelastic  properties  can  be  described  in  terms  of  a complex  shear 
modulus  and  a Poisson's  ratio.  The  modulus 


G(f)  = G' (f)  + iG"(f) 


(2D 

where 

G'(f)  is  the  shear  storage  modulus. 

G"(f)/G'(f)  is  the  shear  loss  tangent. 

The  Poisson's  ratio  is  a constant,  typically  just  less  than  0.5.  The  element 
stiffness  matrix  is  directly  proportional  to  G(f),  thus  if  the  stiffness 
matrix  is  known  for  a reference  modulus  then  the  frequency  dependent 

matrix  is  G(f)/G^^£  times  the  known  matrix. 

The  model  with  frequency  dependent  materials  usually  contains  some 
elements  (such  as  the  casing  for  the  solid  propellant)  which  do  not  have 
viscoelastic  damping  characteristics.  The  two  types  of  materials  are  handled 
as  follows: 

1,  All  elastic  material  is  specified  with  zero  element  damping.  Thus 
,K^  will  bo  zero  for  these  elements.  The  value  g (overall  damping)  is  chosen 
to  be  representative  for  the  elastic  material. 

2.  All  viscoelastic  elements  are  specified  with  a material  shear  modu’us 

Grefj  Poisson's  ratio  u,  and  element  damping  The  values  G^^^  and  g^^^ 

are  chosen  arbitrarily,  but  must  be  nonzero.  The  stiffness  matrix  for  the 
viscoelastic  terms  is  not  comp".ted  by  (1) , but  rather  by 

xsco.lm  - k'j  * (TR(£).iTI(f))  kJ,  . (3) 

= Ul+g^gf  TR(f))+i(g+g^^f  TI(f))}  . 

TR(f)  and  TI(f)  are  tables  which  are  used  by  the  frequency  response  module 
to  assemble  the  final  matrix.  The  desired  stiffness  matrix  for  the  visco- 
elastic elements  is 
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tVvlscoele»''"=''«*“"ff»/=rat5  4d  • 

Comparing  (3)  and  (4),  it  can  be  seen  that  the  table  values  must  be  given  by 


'ref^  ^)/Sref 

> 

(5) 

'ref^"?^^^ref 

• 

(6) 

In  order  to  change  the  formula  for  the  ^dd  matrix  from  (1)  to  (3),  two  changes 
must  be  made.  The  GKAD  module  must  not  add  the  iK^  to  the  matrix,  and 
the  FRRDl  module  must  add  {TR(f)+iTI(f)}K'*  to  k\ 

In  most  cases  and  can  be  chosen  arbitrarily.  However,  it 

may  be  necessary  to  have  an  accurate  value  of  K to  get  good  interpolation 
(at  zero  frequency) . In  such  cases  if  the  NASTRAN  ^MIT  feature  is  to  be 
used,  the  reference  modulus  specified  on  a MATi  data  card  should  be  a rep- 
resentative value,  and  equations  (5)  and  (6)  must  be  computed.  If  0MIF's 
are  not  used,  then  one  may  choose  G^g£  such  that  <<  G*  and  G^^£  ■'<  G"/g« 
The  g^g£  can  be  chosen  so  G^^^  g^^j  = 1.  Then 

TR(f)  =-G'(f) 

TI(f)  = G"(f) 

and  no  extra  calculations  are  needed  to  prepare  input  tables. 

The  user  must  supply  the  following  data: 

1.  Elastic  Material  - E,  u,  G on  MATi  data  card. 

g (damping)  on  PARAM  G data  card. 

2.  Viscoelastic  Material  - G^^^,  on  MATi  data  card. 

TR(f),  TI(f)  tables  on  TASLEDi  data  cards, 
selected  by  SDAMP  in  Case  Control. 

3.  Element  Geometry,  Loads,  Frequencies,  etc.,  are  specified  in  the 
standard  manner. 
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4.  A special  ALTER  is  available  to  use  the  modules  FRLG  and  FRRDl. 

These  modules  separate  the  functions  of  load  generation  and  response 
calculation.  The  FRRD  module  can  be  used  if  cyclic  symmetry  is  not 
involved. 

2.0  THEORY  FOR  CYCLIC  SYMMETRY  FREQUENCY  RESPONSE  ANALYSIS 

Cyclic  symmetry  principles  can  be  used  to  solve  linear  frequency  response 
problems.  The  theory  is  the  same  as  for  static  analysis,  which  is  defined 
in  Reference  1.  Tlie  two  basic  differences  are: 

1.  The  mass  and  damping  (as  well  as  the  stiffness)  matrices  must  be 
transformed  to  symmetric  components  for  the  solution. 

2.  The  loads  must  be  computed  and  transformed  to  symmetric  components 
for  a set  of  frequencies.  Thus  allowance  must  be  made  for  several  loading 
conditions  and  several  frequencies. 

No  new  theory  is  required,  only  a modification  of  the  ication.  The 
NASTRAN  frequency  response  module  FRRD  combines  the  functions  of  load 
generation  and  response  calculation,  and  hence  is  unsuited  to  cyclic 
symmetry.  Hie  loads  must  be  transf  d from  physical  values  to  symmetric 
component  solution  variables,  which  is  done  by  the  cyclic  symmetry  modules. 

An  ALTER  is  available  for  this  task,  which  uses  modules  FRLG  (load  generator) 
plus  FRRDl  (I'esporse  calculation).  Cyclic  symmtery  with  frequency  dependent 
material  properties  can  be  done  in  one  execution. 
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2.2  MSC/NASTRAN  CYCLIC  SYM\ETRY  CAPABILITY 


2.2.1  Introduction 

Many  structures,  including  pressure  vessels,  rotating  machines,  and 

antennas  for  space  communications,  are  made  up  of  virtually  identical 

segments  that  are  symmetrically  arranged  with  respect  to  an  axis.  There 

$ 

are  two  types  of  cyclic  symmetry  as  sho\m  in  Figure  1 and  2:  simple 

rotational  symmetry,  in  which  the  segments  do  not  have  planes  of  reflective 
symmetry;  and  dihedral  symmetry,  in  rthicli  each  segment  .has  a plane  of  reflcc 
tive  symmetry.  In  both  cases,  it  is  most  important  for  reasons  of  economy 
to  be  able  to  calculate  the  thermal  and  structural  response  by  analyzing 
a subregion  containing  as  few  segments  as  possible. 

Principles  of  reflective  symmetry  (which  arc  not,  in  general,  satisfied 
by  cyclicly  s)Tnmetric  bodies)  can  reduce  the  analvsis  region  to  one-fourth 
of  the  whole.  Principles  of  cyclic  symmetry,  on  the  other  hand,  can  reduce 
the  analysis  region  to  a single  segment  in  the  case  of  dihedral  symmetry  and 
to  a pair  of  segments  in  the  case  of  simple  rotational  symmetry.  Neither 
accuracy  nor  generality  need  be  lost  in  the  process,  except  that  the  treat- 
ment is  limited  to  linear  relationships  between  degrees  of  freedom. 

In  using  NASTRAN's  cyclic  symmetry  capability,  the  user  supplies 
a model  via  bulk  data  cards  for  one  of  the  identical  substructures.  He 
also  supplies  lists  of  points  on  the  boundaries.  For  the  case  of  dihedral 
symmetry,  the  type  of  coordinate  system  used  at  boundary  points  must  also 
be  specified.  For  rotational  symmetry,  the  boundary  list  is  a "paired" 
list  of  points  on  the  two  boundar’  s.  Tlicro  are  several  parameters,  wljicii 
must  be  specified,  including  the  iiv.mbcr  of  segments,  the  typo  of  cyclic 
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synunetry,  tiie  transform  index,  K,  for  vibration  modes,  the  range  of  K for 
static  analysis,  and  the  method  of  sequencing  the  equations.  Loads,  tem- 
peratures, and  enforced  displacements  may  be  specified  in  static  analysis 
either  for  the  physical  segnionts  or  for  the  "transformed"  segments  v/hich 
result  from  the  application  of  symmetry  principles.  Output  may  be  for 
either  physical  or  transformed  variables. 

Tlie  use  cf  cyclic  symmetry  iv’ill  allow  the  analyst  to  model  (i.e., 
make  a BULK  data  deck  for)  only  one  of  the  identical  substructures.  There 
will  also  be  a time  savings  for  some  classes  of  problems,  such  as: 

a.  Statics  problems  where  the  use  of  the  0M1T  for  all  internal 
degrees  of  freedom  will  greatly  reduce  the  solution  time. 

b.  Statics  problems  with  particular  types  of  loading  (such  as  gravity 
or  uniform  pressures)  which  require  a limited  range  of  symmetrical 
components  for  solution, 

c.  Vibration  modes  for  a limited  range  of  k. 

2.2.2  Theory 

Symmetry  principles  can  be  used  to  si'r.iJify  the  solution  of  linear 
problems  with  cyclic  symmetric  .ometry.  Two  such  types  of  symmetry 

are  shown  in  Figures  1 and  2,  where  tliey  arc  called  rotational  symmetry 
and  dihedral  symmetry.  Note  that  dihedral  syiunetry  is  a special  case  of 
rotctional  synunetry.  In  both  Ci.sos,  the  body  is  composed  of  identical 
segments,  each  of  which  obeys  the  same  laws.  Tlic  distortions  (deflections 
or  temperature  changes)  of  the  segments  are  not  independent,  but  must 
satisfy  compatibility  at  the  boundarie*'  between  segments.  Cyclic  trans- 


forms  will  be  defined,  which  are  linear  combinations  of  the  distortions  of 
the  segments.  The  transformed  equations  of  compability  are  such  that  the 
"transformed  segments"  are  coupled  singly  or  i.n  pairs  vv'hich  can  be  solved 
independently. 

In  the  theory  given  below,  the  form  of  tlio  transformation  is  not 
derived,  but  just  stated.  The  validity  of  the  method  is  then  demonstrated. 
The  procedure  follows  the  following  steps: 

a.  Tlie  structure  is  described  as  a set  of  identical  segments 
(substructures),  each  of  which  obeys  f.  i-  same  physical  laws. 

For  static  analysis,  loads  arc  defined  for  the  segments.  A set 
of  intersegment  compatibility  relationUups  are  written  which 
insure  continuity  across  the  segment  boundaries. 

b.  The  Pl>ase  I transformation  is  introduced.  Both  the  equations 

of  equilibrium  of  the  segments  and  the  intersegment  compatibility 
relations  are  transformed. 

c.  A set  of  independent  variables  is  chosen  for  solution.  The 
resulting  equations  are  shown  to  be  uneoup.'ed  into  groups 
associated  with  a cyclic  index,  K.  The  dependent  variables 
(constrained  to  satisfy  coni)v.ibility)  are  determined  from  a 
Phase  II  transformation. 

Since  the  transformed  equations  describe  the  same  equilibrium  and 
compatability  conditions,  they  will  produce  the  same  results  as  the  direct 
solution;  no  approximation  is  required  or  made. 
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2.2. 2.1  General  Rotational  Symmetry 


The  total  body  consists  of  N identical  segments,  which  are  numbered 
consecutively  from  1 to  N.  The  user  supplies  a NASTRAN  model  for  one 
segment.  .All  quantities  arc  given  in  the  segment  coordinate  system.  The 
boundaries  must  be  conformable;  i.e.,  when  the  segments  are  put  together, 
the  grid  points  and  the  local  displacement  coordinate  systems  of  adjacent 
segments  must  coincide.  This  is  easiest  to  insure  if  a cylindrical  or 
spherical  coordinate  system  is  used,  but  such  is  not  required.  The  user 
will  also  supply  •,  paired  list  of  grid  points  where  connections  will  be 
made.  For  static  analysis,  the  user  may  also  supply  a set  of  loads  and/or 
enforced  displacements  for  each  of  the  N segments. 


Tiie  two  boundaries  will  be  called  sides  1 and  2.  Side  2 of  element 
n is  connected  to  side  1 of  element  n+1,  see  Figure  1.  TI'.us,  the  compo- 
nents of  displacement  satisfy 


n+1  n 
^1  = ^2 


n = l‘**N. 


(1) 


This  applies  to  all  degrees  of  freedom  which  are  joined  together.  Ke  also 
j N+1  1 

aerinc  u = u , so  Equation  1 refers  to  all  boundaries.  Equation  1 is 
the  equation  of  constraint  between  /lysical  segments.  The  notation 
system  is  discussed  in  Appendix  A. 

The  rotational  transformation  is  given  by 

u*^  = u°  + y [u*^^cos(n-l)ka  + u^^sin(n-l)ka]  +(-l)’’~^u^^^^,  (2) 

k=l 

a = 2tt/N,  n = 1,  2,**‘,N, 


! 


where  u“  can  be  any  component  of  a displacement,  force,  stress,  temperature, 
etc.  , in  the  n^''  segment.  The  last  term  exists  only  when  N is  even.  The 
summation  limit  = (N-l)/2  if  N is  odd  and  (N-2)/2  if  N is  even.  u°, 

-kc,  -ks^  transforr.ied  quaJitities  which  will  bo  referred 

to  as  symstrioal  oonpoticris.  Equation  2 can  be  displayed  in  the  matrix 
form 


where 


luj  [ui  [Tj  , 


12  3 N 

luJ  = lu  , u , u •••  u j , 


lOj  = (G°,  ...  , 


cos  a 
sin  a 

cos  2a  ... 

sin  2a  ... 

cos  (N-l)a 
sin  (N-l)a 

cos  2a 

cos  4a 

cos  (N-l)2a 

• 

• 

• 

• 

• 

• 

• 

• 

» 

sin 

sin  2kj^a 

sin  (N-l)kj^a 

.r  U-. 


The  last  row  exists  only  for  even  N.  The  transformation  is  shown  as  a row 
operation,  since  it  involves  the  similar  degrees  of  freedom  of  all  of  the 
segments;  see  Appendix  A.  The  transfoi’niation  matrix,  [T] , has  the  property. 


[T]  [T]'^  = [D] 


N/2 


N/2 


N/2 


i.e.,  the  rows  of  T are  orthogonal. 


(5) 


. Since  D is  nonsingular, 

[T]  [T]'^ 

Thus,  (T]“^  = [T]*^  [D]"^  and 


= [I] 


(6) 


luj  = LUj  = luj  [tV^], 


(7) 


In  summation  form,  Equation  7 becomes 


n a/N)  I u” 
n=l 


(8-a) 


=(2/N)  i cos(n-l)ka 
n=l 


N 


(8-b) 


=(2/N)  f sin(n-l)ka  (8-c) 


n=l 


* * 

=(1/N)  (-1)’^"^  u“  CN  even  only)(8-d) 

11=1 
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It  should  be  noted  that  Equations  8 apply  to  applied  loads,  and  to  internal 
forces,  as  well  as  displacement  components.  The  validity  of  the  symmetrical 
components  [uj  to  represent  the  motions  of  the  system  follows  from  the  exis- 
tence of  [T]  It  remains  only  to  show  that  they  are  useful.  ITie  equations 
of  motion  at  points  interior  to  the  segments  are  linear  (homogenous  of  degree  1) 
in  displacements,  forces  and  temperatures,  they  are  identical  for  all  segments, 
and  they  are  not  coupled  between  segments.  It  follows  that  the  equations  for 
the  transformed  variables  [uj  arc  identical  in  form  to  those  of  the  physical 
segments. 


To  transform  the  compatibility  equations  of  constraint  (1),  notice  that 

r-kc  . -ks  . n _w/o 

19) 


u"  ^ = u°  + I (Uj^^cos  Ilka  + sin  nka]  + (-1)’'“ 

k=l  ^ 1 


Using  the  identities  cos  nka  « cos(n-l)ka*cos  ka  - sin(n-l)ka*sin  ka  and 
sin  nka  = sin(n-l)ka*cos  ka  + cos(n-l)ka.sin  ka.  Equation  9 may  be  written 


,n+l  -0 

Ui  - Uj  . 


"L 

y 

ki'l 


(uj^^cos  ka  + u^^  sin  ka)cos(n-l)ka 


+ (-y’j'^sin  ka  * u^"'\os  ka)sin(n-l)ka 


-ks 


- (-1)""^  Uj/^.  (10) 


Comparing  Equation  10  with  Equation  2 evaluated  at  side  2 as  required  by 
Equation  1,  , 


-0  -o 
“l  ""  “2 


(11-a) 


-kc 

-ks  . 

ka  = 

-kc 

Uj  cos 

ka 

+ Uj  sin 

■ “2 

-kc  . 

ka 

-ks 

-ks 

Uj  sin 

+ Uj  cos 

ka  • 

' ’‘^2 

k = l,*--,k, 


(11-b) 

(11-c) 


- N/2  - N/2 

- Ui  = U2 


(11-d) 


Equations  11  are  the  equations  of  constraint  for  the  symmetrical  components. 

The  only  symmetrical  components  coupled  by  the  compatibility  constraints  are 

1-c  and  1-s,  2-c  and  2-s,  etc.  Thus,  there  arc  several  uncoupled  models: 

the  K « 0 model  contains  the  u*^  degrees  of  freedom;  the  K = 1 model,  the 
“ Ic  "Is 

u.  and  M ‘ degrees  of  freedom,  etc. 

There  is  a somewhat  arbitrary  choice  of  where  to  transform  the  variables 
in  the  NASTRAN  analysis.  NASTRAN  structural  analysis  can  start  with  a 
structure  defined  with  single  and  multipoint  constraints,  applied  loads, 
thermal  fields,  etc.,  and  reduce  j oblem  to  the  "analysis  set,"' 
where 


(12) 
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The  vector  {u^}  contains  only  independent  degrees  of  freedom.  The  decision 

a 

was  made  to  first  reduce  each  segment  individually  to  the  "analysis"  degrees 
of  freedom,  and  then  to  rotationally  transform  them.  This  approach  has 
several  advantages,  including  elimination  of  the  requirement  to  transform 
temperature  vectors  and  single-point  enforced  displacements,  because  these 
quantities  are  first  converted  into  equivalent  loads.  Also,  the  "0MIT" 
feature  can  partition  internal  degrees  of  freedom,  thus  greatly  reducing  ' 
the  number  of  degrees  of  freedom  which  must  be  transformed.  The  user 
specifies  all  constraints  internal  to  the  segments  with  standard  NASTRAN 
data  cards.  If  constraints  (with  MFC,  SPC,  or  0MIT)  are  applied  to  degrees 
of  freedom  on  the  boundaries,  they  will  take  precedence  over  the  interseg- 
ment compatibility  constraints;  i.e.,  an  intersegment  compatibility  con- 
straint will  not  be  applied  to  any  degree  of  freedom  which  is  constrained 
in  some  other  way.  SUP?iRT  data  cards  are  forbidden  because  they  are 
intended  to  apply  to  overall  rigid  body  motions  and  will  not,  therefore, 
be  applied  to  each  segment.  The  analysis  equation  (Equation  12)  for  the 
segments  is 

[K]  {u}*^  = {P}"  , n = 1,  2---,  N (13) 

The  analysis  equations  for  the  s>mimetrical  components,  prior  to  applying 
the  intersegment  co.nstraints,  is 

[K]  [nf  = {P}^,  X = 0,  Ic,  Is,  2c  •••,  N/2,  (14) 

where  {P}^  is  calculated  u'ing  Equations  8.  Tlie  matri.x  [K]  is  the  same  for 
Equations  13  and  14,  and  is  the  KA,\  stiffness  matrix  of  NASTRAN  for  one  segment. 

We  come  now  to  the  matter  of  applying  the  intersegment  compatibility  con- 
straints. We  recognite  that  not  all  of  the  degrees  of  freedom  in  any  transformed 
model  can  bo  independent,  but  it  is  easy  to  choose  an  independent  set. 
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We  include  in  the  independent  set,  {u  },  all  points  in  the  interior  and  on 

“•Icc  •‘Ics  * * 

boundary  1 (for  both  u and  u , if  they  exist) . The  values  of  displace- 
ment components  at  points  on  boundary  2 can  then  be  determined  from  Equations 
11.  Tlie  transformations  to  independent  degrees  of  freedom  are  indicated  by 


{G}^  (15-a) 

{G}^®  = [Gg^]  {G}^,  (15-b) 


where  each  row  of  or  contains  only  a single  nonzero  term  if  it  is 

an  Interior  or  side  1 degree  of  freedom  and  either  one  or  two  nonzero  terms 
if  it  is  a degree  of  freedom  on  side  2.  In  arranging;  t.he  order  of  terms  in 

the  user  can  specify  cither  that  they  be  sequenced  with  all'  {u}  terms 

* ■*  Ic s * ^ c **  Ics 

preceding  all  {u}  terms,  or  that  they  be  sequenced  with  {u}  and  {G} 


grid  ])oints  alternating. 


It  should  be  emphasized 


wuai. 


used  in  transformation  Equations  3 and  15  are  quite  different,  In  Equation  .3, 
there  is  one  component  (or  column)  for  each  segment;  in  Equation  15,  there  is 
one  component  (or  row)  for  each  degree  of  freedom  in  a segment. 


Equation  15  is  used  to  transform  Equation  14  to  a set  of  equations  which 
satisfy  the  intersegment  compatib^ conditions 


(16-a) 


whore 


“ck  * “Ik  '^“skJ' 


(16-b) 


+ [g3j 


sk' 


(16-c) 
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After  solving  Equation  16-a  by  decomposition  and  substitution,  the  symmetrical 
component  variables, ’ and  {u}^^,  are  found  from  Equation  15.  The  physical 
segment  variables,  {u}”,  are  found  from  Equation  3.  The  {u}”  are  NASTRAN 
vectors  of  the  analysis  set.  Tliey  may  be  expanded  to  {u  } size  by  recovering 
dependent  quantities.  Stresses  in  the  physical  segments  are  then  obtained  via 
the  normal  stress  reduction  procedures.  ’ 

The  user  may  take  an  alternate  route  if  he  knows  the  transformed  values 
for  the  forcing  functions  (loads,  enforced  displacements,  and  temperatures); 
i.e.,'-Q0^^  and  These  may  be  input  to  NASTRaW,  which  will  convert  them 

directly  to  the  traiisformed  load  vectors,  {P}  . Data  reduction  may  also  be 
performed  on  the  transformed  quantities. 

An  approximate  method  for  static  analysis  is  available  by  merely  setting 

= 0 (17) 

for  all  K<KMIN  or  K>KMAX.’  This  is  similar  to  truncating  a Fourier  series.  The 
stiffness  associated  with  larger  K's  (short  azimuthal  wave  lengths)  tends 
to  be  large,  thus  these  components  of  displacement  tend  to  be  small. 

The  cyclic  transform  method  can  also  be  used  for  vibration  analysis. 

The  equation  of  motion  in  terms  of  independent  degrees  of  freedom  is 

= 0,  (18) 

whore  [M]*'  is  derived  by  replacing  [K]  by  [M]  in  Equation  16-b.  The  symmetrical 
components  are  recovered  with  Equation  15.  Physical  segment  displacements 
can  be  recovered  by  Equation  3. 
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For  frequency  response,  the  method  is  the  same  as  for  statics,  except 
that  the  mass  and  damping  matrices  must  be  transformed  similar  to  Equation  16-b. 

2. 2. 2. 2 Dihedral  Symmetry 

Dihedral  symmetry  refers  to  the  case  when  each  individual  segment  has 
a plane  of  reflective  symmetry;  see  Figure  2.  The  segments  are  divided  about 
their  midplanes  to  obtain  2N  substructures.  The  midplane  of  a segment  is 
designated  as  side  2.  The  other  boundary,  which  must  also  be  planar  in  order 
to  be  conformable,  is  called  side  1.  The  two  halves  of  the  segment  are  called 
the  right  "R"  and  left  "L'  halves.  The  user  prepares  model  information  for 
one  R half  segment,  lie  must  also  supply  a list  of  points  on  side  1 and  another 
list  of  points  on  side  2,  and  information  about  the  orientation  of  the  global 
coordinate  system. 

For  the  case  of  dihedral  symmetry,  the  cyclic  transformation  described  in 
Section  2.2.2. 1 is  used  ir  conjunction  with  reflective  symmetry  of  the  segments. 
The  physical  quantities  are  related  to  the  symmetric  components  by: 

= E(u^^+u^^  )cos(n-l)ka  + (u^^+u^^  )sin(n-l)ka  (19-a) 

k 

n,L  ^,*^0  — kc*..  , ,“ks  — ks*.  . ...  ^ 

u = E(u  -u  )cos  ..'I-n)ka  + (u  -u  )sin(N-n)ka  (19-b) 

k 

Here,  the  superscript  n refers  to  the  nth  segment,  R and  L to  the  right  and 
left  halves.  Tlu  ’iperscript  k for  ■^he  symmetric  components  is  an  index  in  the 
range  0 < k < (N/2).  The  c and  s refer  to  cosine  and  sine  terms.  Unstar  and 
star  (*)  refer  to  symmetric  and  antisymmetric  motion.  It  is  to  be  understood 
that  there  are  no  sine  terras,  u , when  k = 0 since  their  coefficients  would 
be  identically  zero.  Also,  if  N is  even,  for  the  maximum  value  of  k (i.e.,  N/2) 
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there  will  be  no  sine  term  u . Equations  19-a  and  19-b  can  be  inverted 
in  the  same  fashion  used  for  rotational  symmetry. 


-kc*j 

-ks*( 

u ) 


= gX/(u*^*^cos(n-l)ka±u’^'^cos  (N-n)ka) 
= ^]C(u’^’^sin(n-l)ka±u^’^sin(N-n)ka) 


where  the  upper  sipn  goes  with  the  unstar  term  and 

/ 


1/2  if  k=0  or  2k=N, 
1 otherwise. 


(20-a) 


(20-b) 


For  the  case  of  reflective  symmetry  (or  antisymmetry),  the  range  of  summation 
is  over  half  of  the  substructures;  the  factor  outside  the  equation  must  be 
multipliod  by  two;  and  only  the  nnstar  (or  star)  term  is  nonzero. 


The  consti’aints  between  half  segments  are  for  ensuring  displacement  com- 
patibility. At  each  boundary,  a grid  point  is  associated  with  its  mirror 
image  point  on  an  adjoining  segment.  Compatibility  always  involves  a left 
and  a right-hand  coordinate  system.  Some  components  will  be  called  "oven," 
for  which  compatibility  states  that  the  components  of  the  two  points  are  equal. 
Displacements  parallel  to  the  boundary  and  rotations  about  axes  normal  to  the 
boundary  are  even.  The  other  components,  called  "odd,"  require  that  the  com- 
ponents change  sign.  These  conditions  must  be  transformed  to  the  symmetric 
components,  resulting  in: 


Side  1,  even 


kc 
ks 


(21) 


Ml 
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Side  1,  odd 


-kc  „ 
u =0 

-ks*  - 
u =0 


(22j 


Side  2,  even 


-kc  . ka  -ks  ka  . 
u sin-y  + u cos-j-  = 0 

-kc*  ka  -ks*  . ka  = 0 
u cos-2 — u 


(23) 


Side  2.  odd 


-kc  ka 
u cos-y 


-ks  , ka  - 
u sin-y  = 0 


(24) 


-kc*  . ka  ^ -ks*  „ka  . 


The  method  to  satisfy  the  constraint  is  to  relate  each  to  an  independent 
-k  -k* 

variable  u and  u , much  as  was  done  for  the  rotational  case 


-kc 

^ -k 

u = 

\c“ 

-ks 

r -k 

u = 

Ss  "" 

-kc* 

P -k* 

u 

= ^kc* 

-ks* 

P -k* 

u 

= ^ks*  "" 

(25) 


where  Equations  25  will  satisfy  Eciu-- . 21  - 24  exactly.  Note  that  this  can 

be  done  by  choosing  = -G,,,  and  = Gj^^.  Thus  the  unstar  and  the  star 

equations  will  bo  identical.  The  stiffne.'’s  matrix  for  the  solution  set  vari- 
-k  -k* 

ables  u and  ii  arr  the  same,  and  the  two  types  can  be  treated  as  two  loading 
conditions. 


2.2.3  User  Information 


The  cyclic  symmetry  modification  to  NASTRAN  allows  the  solution  of 
structures  with  rotational  or  dihedral  syi^etry  by  modeling  only  one  of 


(' 

I 


■•■he  identical  segments.  Special  data  cards  and  parameters  are  introduced 

« > 

to  specify  the  method  of  joining  the  segments.  In  static  analysis,  input 

and  output  data  for  each  Individual  segment  are  contained  in  separate  sub- 
cases.  The  constrained  degrees  of  freedom  and  material  properties  must  be 
the  same  for  all  segments.  Por  static  analysis,  the  loads,  the  values  of 
enforced  displacements,  and  the  temperatures  may  vary  from  element  to 
element. 

The  SPCD  bulk  data  card  (Figure  3)  is  useful  for  applying  enforced 
boundary  displacements  (or  temperatures).  These  values  are  requested  by 
a load  set;  thus,  iP  djff'=irent  displacements  are  specified  on  different 
segments  (i.e.,  in  different  subcases),  the  requested  SPC  constraint  set 
will  not  cliange.  This  must  be  done,  since  looping  on  constraint  sets  is 
not  supported  in  cyclic  symmetry  analysis. 

A bulk  data  card,  CYJ0IN,  (see  Figure  4)  is  used  to  specify  how  the 
segments  arc  to  be  connected.  Existing  MPC,  SPC,  and  0MIT  constraints 
may  be  used  within  the  segments.  The  SUP0RT  card  for  free  bodies  is  for- 
bidden when  cyclic  s)TrL>nctry  is  used,  since  oegment  free  body  modes  do  not 
necessarily  imply  overall  free  body  modes.  Constraints  between  segments 
are  applied  automatically  to  the  degrees  of  freedom  at  grid  points  specified 
on  CYJ0IN  bulk  data  cards  which  are  not  otherwise  constrained.  Grid  points 
» are  not  allowed  to  be  placed  on  the  axis  of  symmetry. 

The  user  parameters  are; 

A k 

CTYPn  BCD.  Tyjie  of  problem:  R0T  for  rotational  symmetry, 

DIH  for  dihedral  symmetry,  DSYM  and  DANT  for  dihedral 
with  symmetry  or  antisymmetry. 

N Integer.  The  number  of  segments. 
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K Integer.  Tlse  value  of  the  harmonic  index,  used  only  for 

eigenvalue  analysis. 

l^IAXjKMIN  Integers.  The  maximum  and  minimum  value  of  K,  used  for 
static  analysis.  (Default  is  ALL) 

CYCI0  Integer.  +1  for  physical  segment  representation,  -1  for 
cyclic  transform  representation  for  input  and  'output  of 
data.  Static  analysis,  default  = 1. 

CYCSEQ  Integer.  Used  for  metliod  of  .sequencing  the  equations  in  the 
solution  set.  +1  for  all  cosine  then  all  sine  terras,  -1  for 
alternating.  Default  = -1. 

NL{!)AD  The  number  of  loading  conditions  in  static  analysis. 

Default  = 1. 


V 
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DMAP  ALTERS  are  required  to  utilize  the  cyclic  symmetry  capability  in 
MSC/NASTRAN.  To  relieve  the  user  of  the  burden  of  the  preparation  and  manip- 
ulation of  the  cards  for  tl.ese  ALTERS,  we  have  included  the  required  ALTER 
for  static  analysis  (RIGID  FC'iRl'.iAT  3)  and  for  real  eigenvalue  analysis  (RIGID 
F0RMAT  3)  in  the  DMAP  ALTER  Library.  The  user  is  referred  to  RFl/6  and  RF3/6 
in  Section  4 of  the  MSC/NASTRAN  Application  Manual.  Complete  instructions  for 
the  selection  of  these  ALTERS  from  the  Library  are  also  provided  in  Section  1 
and  in  Section  7.6  , of  tlie  MSC/NASTRAN  Application  t'anual. 

To,  provide  an  overview  of  the  us ' C the  current  cyclic  symmetry  capability 
in  MSC/NASTRAN,  the  following  summaries  are  presented. 

STATICS 

1.  A sepratc  subcase  is  defined  for  each  segment  (half  segment  for 
dihedral)  and  loading  condition.  Segments  are  ordered  sequentially, 
with  cosine  terms  before  sine  terms.  Additional  loads  will  appear  ' 
as  consecutive  subcases. 

2.  Static  loads  for  u?ch  subcase  are  specified  with  LOAD,  TEMPERATURE 
(L0AD),  or  DEF'/iRil  seiect,ic.,r.  Enforced  deformations  may  be  specified 
on  SPCD  (oi’  SPC)  data  cards. 

3.  SPC's  and  MFC's  ’."ist  be  selected  above  the  subcase  level. 
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4.  If  desired,  the  input  and  output  may  refer  to  syran''trical  components, 
rather  than  to  ph.ysical  scj^n.tuits.  In  that  case  (CYCI0  = -1),  the 
subcases  refer  to  symmetrical  components. 

5.  Output  may  include  displacements,  static  loads,  single  point  con- 
straint forces,  eJcment  forces  and  stresses,  and  undeformed  and 
deformed  plots  of  the  -substri-.ccures.  Constraint  forces  at  the 
joined  points  are  not  available. 

6.  The  parameters  .KMAX  and  KMIN,  which  limit  the  range  of  the  cyclic  index  K 
may  be  specified  on  a P.AJh^.M  bulk  data  card. 

7 . Tlie  GRDl'N’T  (for  a .seguieirt) , ViT14A.SS,  IRES,  and  C0UPBAR  parameters 
are  operational. 


NORMAL  MODES 

1.  Constraints  must  be  specified  above  the  subcase  level.  SUP0RT  is 
not  allowed. 

2.  The  cyclic  index  parameter  K must  be  supplied  by  the  user  on  a 
PARAM  hulk  data  card. 

3.  An  KICK  card  i«  selocted  jn  case  control  by  METHOD  selection. 

The  amplitude  musf  be  normalised  on  MASS  or  MAX.  • 

4.  The  "automatic"  eigenvalue  siumnary  will  be  printed. 

5.  Output  may  include  the  displacements,  constraint  foices,  element 
forces  and  stress,  all  of  which  will  be  in  terms  of  physical 
components.  (This  will  result  in  many  subcases  per  mode  in  many 
cases.)  Undeformed  and  deformed  plots  are  available. 

2.2.4  Example  Problems 


Several  examples  of  the  application  of  cyclic  symmetry  are  presented  in 
Section  3.2  of  the  MSC/NASl IAN  Application  Manual. 
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1.  Tlje  user  models  one  half  segment  (an  R segment).  The  L half  segments 
are  mirror  images  of  the  R hall,  segments. 

2.  Each  half  segment  has  it.>  own  coordinate  system.  The  ].  ' alvcs  use 
left  hand  coordinate  systems. 

Segment  boundaries  must  bo  planar.  I.oerl  displacement  syste.v.s  ayes, 
associated  with  inter- segment  bcu.rd.iries,  must  bo  in  the  plane  or  normal 
to  t!ie  plane,  'llic  user  lists  the  pci  its  on  Side  I and  Side  2, 


Figure  2.  Dihedral  Symmetry 


Input  Data  Card  SFCI) 

Description:  Defines  an  enforced  displacement  value  for  static  analysis, 

which  is  requested  as  a LfJjf'J). 

Foi'mat  and  Example: 


Field  Contents 

SID  Identificatic’^  nirnber  of  a static  load  set.  (Integer  > 0) 

G Gridorscalar  point  identification  number  (Integer  > 0) 

C Component  number  (6^  Integer  ^ 0 ; up  to  six  unique 

such  digits  may  be  placed  in  the  field  v/ith  no  imbedded 
blank.s) 

D Value  of  enforced  displacement  for  all  coordinates 

designated  by  G and  C (Real) 


Remarks : 1.  A coordinate  referenced  on’  this  card  must  be  referenced  by 

a selected  SPC  or  SPCl  data  card. 

2.  Values  of  D will  override  to  the  values  specified  on  a SPC 

bulk  data  card,  if  th  set  is  requested. 

/ 

3.  The  bulk  data  LfAD  combination  card  will  not  request  an  SPCD. 

4.  At  least  one  bulk  data  load  card  (F0RCE,  SL0AD,  etc.)  is  required 
in  tlic  load  sot  selected  in  case  cojitrol. 


Figure  3.  SPCD  Bulk  Data  Card  For.mat 


Jilput  Data  Card  CYJ()I.\' , 

noscriptioiv:  Defines  the  boundary  points  of  a segment  ia  cyclic  s>Tnraetry  problems. 

Fci'nat  and  C.xample: 


G1 

G2 

7 

9 

_ [2_^ 


GIDl  GID2 


i /?  ! * 


Hold 

SIDl: 

_-C 

Jtemarks ; 


Contents 

Side  Identification  (Integer  1 or  2) 

T)^)®  of  coordinate  system  used  on  boundaries  of  dihedral 
problems  (BCD) 

Grid  or  scalar  point  identification  nuj.ibers  (Integer  > Oj 

1.  CYJ^IiN  bulk  data  cards  are  only  used  for  cyclic  s>nametr>’  probJems. 

A parameter  (CTITE)  must  specify  rotational  or  dihedral  syiimetry. 

2.  For  rotational  problems  there  must  be  one  log.' cal  card  for  SID);-I 
and  one  for  SIDE--2.  The  two  lists  specify  grid  points  to  bo  con- 
nected, hcncc  both  lists  inu.st  have  the  same  length. 

3.  For  dihedral  problems,  side  1 refers  to  the  bound.nry  between 
segments  and  side  ?.  refers  to  the  midvllc  of  a segment.  The  grid  point 
degree  of  freedom  which  is  normal  to  the  boundary  must  be  specified 

in  field  3 as  "TI",  "T2",  or  "T3"  ("R".  rectangular,  and  "C",  cylin- 
drical, are  the  same  as  T2,  while  "S",  spherical,  is  the  same  as  T3). 
For  SCAIAR  and  E.vika  points  witn  one  degree  of  fi'eeaora,  cnesc  snould 
be  specified  as  "blank",  T2  or  T3  if  they  are  to  have  tlie  same  sign, 
and  Tl  if  the  two  connected  points  are  opposite  in  sign. 

4.  All  components  of  displacement  at  boundary  points  are  connected  to 
adiacent  segments,  except  those  constrained  by  SFC,  MFC,  or  0MIT. 

Figure  4.  cyj0IN  Dulk  Data  Card  Forra-at 
0-30 
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APPENDIX  A TO  APPENDIX  C 


NOTATION 


Tlie  notation  used  in  tbe  text  jumps  back  and  forth  between  the  use 
of  matrices  and  vectors,  and  the  use  of  explicit  summation.  In  general 
NASTR/\N  use,  the  displacements  are  described  in  terms  of  a vector 


where  there  is  one  component  for  every  degree  of  freedom.  The  components 
refer  to  displacements  in  the  global  coordinate  system.  Another  vector 
with  similar  form  is  the  load  vector,  which  looks  the  same  as  Equation  1, 
except  the  letter  P I'eplaces  u. 


For  cyclic  symmetry  problems,  the  displacements  and  forces  will  be 
given  in  terms  of  a matrix 


[u]  = 


■^1 

N 


(2) 


where  there  is  one  row  for  each  degree  of  freedom  in  a segment,  and  one 
column  for  each  segment.  All  of  the  displacements  in  Equation  2 are  not 
independent,  since  points  on  the  bounaaries  must  satisfy  compatibility. 
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The  Phase  I transformation  is  a linear  relationship  betv;een  the 
■unknovms  for  the  "similar"  degrees  of  freedom  of  the  segments;  thus, 
it  involves  terms  in  the  same  row  of  Equation  2.  The  operation  is  a 
post  multiplication  by  the  transformation  matrix,  as  shown  in  Equation  3 
of  the  text.  The  transformed  degrees  of  freedom,  called  symmetric  compo- 
nents u,  are  also  displayed  in  a matrix  like  Equation  2,  only  now  there 
is  one  column  for  each  symmetrical  component,  instead  of  for  each  segment. 

Superscripts  are  used  for  segment  numbers  u"^,  u‘‘,  etc.,  and  also  for 
symmetrical  components,  u ".  Tlie  bar  is  used  to  distinguish  a symmetrical 
component  from  a physical  component.  Subscripts  are  used  to  refer  to  a 
subset  of  degrees  of  freedom,  hence  u^  and  u^  are  physical  and  symmetric 
components  of  displacement  on  side  1. 
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THE  MacNeal-Schwendler  corporation 

74-4J;  NO.  riGUEROA  STREET  • LOS  ANGELES, CALIFORNIA  OOO^I  • 2S4-3.456 

■ JOB  NO:  EC- 254 

MEMO  NO:  RLH-2  ' . • ' 

DATE:  IS  October  1973 

SUBJECT:  Storage  of  Cyclic  Svirmetry  Variables 

In  cyclic  s>Tranetry  problems  three  types  of  variables  are  used.  The 
physical  components  refer  to  displacements,  loads,  etc.  for  individual 
substructures.  The  symmetric  components  refer  to  the  terms  of  the  finite 
Fourier  series.  Both  physical  components  and  symmetric  components  must 
satisfy  equations  of  compatibility.  The  symmetric  components  are  expressed 
in  terms  of  an  independent  set  of  variables  called  the  solution  sot. 

Rules  have  been  imposed  relating  the  relationship  between  the  columns 
of  a matrix  (or  a subcase  ID)  and  the  tyjje  of  variable  involved.  Four  types 
of  transformations,  are  to  be  used,  called  R0T,  DIH,  DSYMM  and  DANTI. 

a.  Rules  for  Subcases  (loads  and  disnlaccmonts) . Tlie  identifiers  for 
physical  components  arc: 

1.  (LOAD  COKD).  Separate  sub^a  ?s  are  needed  for  each  loading  condition. 
Tlie  user  will  supply  a parameter  NLOAD  (default  - 1)  to  specify  a 
number. 

2.  (SEGMENT  ID).  Segiiients  arc  identified  1,  2,  ...,  N,  where  N is  a 

user  specified  parar.Lter  (no  defaul  ).  (/\n  exception  is  given  below 

for  DS^'MM  and  DANTI.) 

3.  (R,L).  For  the  cases  of  DIM,  DSY.T4  and  DANTI,  each  seg.ient  consists 
of  two  substiucturcs  called  R (right)  L (left).  ITie  user 
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models  only  one  substructure.  For  the  rotational  case,  there  arc 
only  R substructures. 

4.  (FRRQ),  within  a subcase.  For  frequency  response  problems,  several 
frequencies  are  dc<^ined  in  each  subcase.  The  number  must  be  the 
same  for  all  subcases. 

The  order  for  subcases  (or  for  columns  in  a set  of  vectors)  is  tl>e 
oi'der  specified  above,  with  Load  Cond  the  outer  loop,  Segment  ID  ne.xt,  etc. 
For  example. 


DIH,  N=2,  NL0AD 

= 3,  NFREQ  = 2 

Subcase 

Load  Cond  Se'g  ID 

(R,L) 

Freq 

1 

1 1 

R 

1 

1 

1 1 

R 

2 

2 

1 1 

L 

1 

2 

1 1 

L 

2 

3 

1 2 

R 

1 

3 

1 2 

R 

2 

4 

1 2 

L 

1 

4 

1 2 

L 

2 

5 thru  1 

2 repoates  for  loads  2 and 

3 (24  total  vectors) 

R0T,..'N=5,  NL0AD 

= 1,  NFREQ  = 1 

Subcase' 

Load  Cond  Seg  ID 

. (i^,b) 

Freq 

1 

1 1 

R 

1 

2 

1 2 

R 

1 

3 ■ 

1 3 

R 

1 

4 

1 4 

R 

1 

5 

1 S 

R 

1 

following  algorithm  can  be  used  to 

compute 

l 

the  number  of  sub- 

structures.  Tl\e  basic  number 

NSUB  = N 
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If  the  type  is  DIH,  multiply  NSUB  by  2.  The  total  numboi'  of  physical 
vectors  is 

MSUB  X NL0AD  x NFRl-Q 

b.  Rules  for  storinp!  syniunctric  components.  The  identifiers  for  the 
components  are 

1.  K The  index  of  the  loop.  The  value  of  K must  be  between 
and  J3>1AX  whore  0 .LE.  KMIN  .LE.  KJ-lAX  .LE,  (K/2). 

2,  (UNSTAR,  STAR).  The  star  (*)  is  used  for  uns}/mmctric  terms,  and 
the  lack  of  a star  for  symmetric  terms.  This  is  similar  to  the 
conical  shell  convention.  Tliere  are  three  cases: 


TYPE 

TERMS  USED 

R0T,  DSmi 

UNSTAR  only 

DANTI 

STAR  only 

DIH 

UNSTAR  and  STAR 

3.  (COS,  SIN).  In  the  general  case,  there  are  both  cos  and  sin  terms. 
In  the  special  cases  K = 0 and  2K  - N,  there  are  only  cos  terms. 

4.  (LOAD  COND) . If  the  user  is  solving  several  loading  conditions  in 
one  run,  separate  ve>-Lors  are  required. for  each.  The  number  of 
loading  conditions  is  specified  by  the  parameter  NL0AD. 

5.  (FREQ).  In  fi'equency  response  and  eigenvalue  problems  there  may 
bo  more  than  one  frequency.  The  number  of  frequencies  must  be 
determined  by  the  cyclic  transformation  modules,  based  ujion  the 
number  of  vectors  input. 
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The  following  algor^thin  can  be  used  to  compute  the  number  of  symmetric 


components.  The  number  of  K values  is  KM\X  - KNIIN+l.  'The  number  of  sin 
and  cos  types  is  twice  this,  (except  if  KMIN'  = 0,  or  2KMAX  = N) . 

NTER.MS  = 2(KMAX  - KMIN+1) 

If  KMIN  = .0,  decrease  NTERMS  by  1.  If  2*  KMAX  = N,  decrease  NTERMS  by  1. 
For  the  case  Dill,  there  are  both  unstar  and  star  terms,  thus  NTERMS  should 
be  doubled.  Examples  are: 


TYPE 

N W'ilN 

KMAX 

NTERMS 

R0T 

5 

0 

2 

5 

= (2‘3-l) 

(Oc, 

Ic, 

Is, 

2c, 

2s) 

DIH 

6 

0 

3 

12 

= 2(2M-1-1) 

(Oc, 

Oc*, 

Ic, 

Is, 

Ic*', 

Is*, 

2c,  2s,  2c*,  2s*,  3c,  3c*) 

DSYMM 

3 

1 

I 

A 

2 

- (2-1) 

(Ic, 

Is) 

DANTI 

4 

0 

0 

1 

- (2‘1-D 

(Oc*) 

Tlie  order  shown  in  the  above  table  is  determined  by  using  K in  the  outer 
loop,  (UNSTAR,  STAR)  in  the  next  loo etc.  The  total  number  of  vectors 
is  equal  to  NTERMS  * NL0AD  * NFREQ. 


c.  Ru'es  for  solution  set.  The  solution  set  is  solved  for  one  value 

of  K at  a time.  For  each  1C,  the  idoiitificrs  are 

« % 

1.  (UNSTAR,  STAR) 

2.  (LOAD  CON'D) 

3.  (FREQ) 


C 
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The  number  of  terns  in  the- solution  set  NSSET  is  1,  except  for  DIH, 
when  it  is  2.  The  total  number  of  vectors  is  NSSET  * NL0AD  * NFREQ,  Tlie 
order  is  implied  by  the  above  list,  with  all  unstar  texmis  before  star,  1^^ 
load  unstar  before  2"^  load  lihstar,  etc. 


V.'- 
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THE  MacNeal-Schwendler  corporation 

7442  NO.  FIGUEROA  STREET  • LOS  ANGELES. CALIFORNIA  90C4I  • 2S4-34Fo' 

JOB  NO:  EC- 254 

MEMO  NO:  RLH-3 

DATE:  4 January  1974 

SUBJECT:  Changes  Made  in  Cyclic  Symmetry  During  November  - December  1973 

Those  users  who  have  previously  used  the  program  may  be  interested  in  > 
what  changes  have  been  made. 

1.  ,A  change  has  been  made  to  allow  multiple  frequencies.  This  is  the 
main  feature  needed  to  extend  the  capability  to  include  frequency  response. 
The  same  code  is  used  for  mode  analysis,  which  allows  the  mode  data  to  be 
output  for  physical  quantities  rather  than  symmetric  components. 

2.  A change  has  been  made  in  subcase  order  for  the  multiple  loading 
conditions.  In  the  new  arrangement,  all  segments  are  defined  in  adjacent 
subcases.  Thus  if  the  user  wishes  to  add  more  loads,  the  new  subcases  are 
added  at  the  end. 

3.  The  statics  ALTER  has  been  modified  to  break  the  matrix  partition 
operation  into  several  steps.  This  is  recommended  when  CHECKPOINTing  large 
problems  due  to  possible  long  times  spent  in  the  SMP  module. 

4.  The  dihedral  method  has  been  changed  to  be  easier  to  understand  and 
more  efficient.  The  old  "DRL"  and  "DSA"  designations  were  dropped,  since 
it  is  believed  that  no  users  are  likely  to  resolve  the  loads  on  left  and 
right  half  segments  into  s>'rametric  and  ahtisymmetric  components.  The  new 
designation  Dill  is  equivalent  to  the  old  ORL.  Two  new  forms  DSYM  .ind  DANT 
are  available  when  the  results  are  symmtric  about  a plane.  The  theory  was 
changed  so  that  the  plane  of  symmetry  lies  between  segments  1-R  and  N-L, 
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(instead  of  1-R  and  1-L).  Subcases  are  needed  only  for  the  substructures 
on  one  side  of  this  plane,  starting  with  1-R.  The  method  of  specifying 
the  global  coordinate  system  for  boundary  connections  on  the  CYJ0IN  data 
card,  has  been  changed  to  allow  the  user  to  specify  Tl,  T2,  T3,  whichever 
is  the  component  normal  to  cho  boundary  (the  specification  C and  S for 
cylindrical  and  spherical  are  still  allowed). 

5.  The  parameter  KMIN  has  been  added  to  static  analysis. 


I 
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THE  MacNeal-Schwendler  corporation 

NO.  FIGUEROA  STREET  • LOS  ANGELES,  CALI  FORNIA  900.41  • 354-3456 

JOB  NO:  EC-2S.I 

MEMO  NO:  RLH-4 

DATE:  3 January  1974 

SUBJECT:  Sample  Problem 

Tlie  following  problem  illustrates  the  solution  for  frequency  dependent 
material  properties  using  the  methods  of  cyclic  symmetry. 

Figures  1 and  2 show  the  model  and  loading  conditions.  The  hexagonal 
model  consists  of  a frequency  dependent  solid  (modeled  with  IIEXA2  elements), 
inside  of  a case  (modeled  with  QDAD2  elements).  Three  slots  are  cut  into 
the  solid.  The  base  is  fixed.  Loads  are  applied  on  the  inner  surface, 
lliis  structure  has  a first  vibi*ation  frequency  of  724  cps.  It  is  desired 
to  find  the  response  at  0,  1500,  and  3000  cps,  for  two  loading  conditions. 

There  are  several  choices  available  to  model  with  finite  elements. 


Method 

Mneumonic 

Structure 

Fraction 

Modeled 

N 

Comments 

DIH 

1/6 

7 

Six  substructures 

R0T 

1/3 

3 

Ihree  substructures 

DIH 

1/2 

1 

This  is  ordinary  reflective 
symmetry. 

DSYM 

1/6 

3 

1 

Requires  loads  symmetric  about 
midplane. 

Only  the  first  method  will  be  illusr,r.ated.  The  model,  shown  in  Figure  3, 
consists  of  eight  grid  points  and  two  structural  elements.  For  the  general 
probl;m,  cne-half  of  a symmetric  substructure  is  modeled.  Any  o.f  NASTRAN's 
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general  structural  elements  can  be  used.  The  NASTIVN  pm  is  shown  in 
Figure  4. 

The  executive  control  deck  requires: 

1 . ID  card 

2.  APP  Dl'SP 

3.  S0L  8,1 

4.  $MERGE  plus  ENDALTER  for  the  ALTER. 

It  is  recommended  that  DIAG  8 be  used.  The  Simple  also  illustrates  RESTART. 

The  case  control  deck  may  reference  SP'.'s  or  MFC's,  however  they  must 
be  above  the  subcase  level.  SPC's  have  ’ .j-  u.'ed  in  this  problem  for  the 
boundary  conditions.  Note  that  SPC's  an.'  ^’^C's  are  not  used  for  compatibility 
between  segments.  Other  required  cards  iroi 

FREQ  (to  select  FREQ  data  card) 

DL0AD  (in  subcases  to  select  loads) 

SDAMP  (select  table  which  defines  viscoelastic  material) 

The  optional  cards  include  0UTPUT  requests,  PL0T  requests,  TITLE’S,  direct 
input  matrices  (above  subcase  level).  TliOTu  is  one  subcase  for  each  sub- 
structure, The  first  six  subc-'>-es  are  used  to  define  the  loads  and  request 
output  for  the  six  substruct*,res  in  the  first  loading  condition.  These  sub- 
cases must  be  present  even  if  there  are  no  loads  and  no  output  requests,  In 
the  present  examples  there  are  two  loading  conditions.  For  each  additional 
loading  condition,  extra  subcases  must  be  added  to  the  end  of  the  deck. 

The  Bulk  data  deck  will  be  discussed  in  the  sorted  order  (see  page  8 of 
output) . 
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1-2.  The  HEXA2  element  is  used  for  the  solid. 

3-4.  A cylindrical  coordinate  system  is  recommended.  This  is  the 
easiest  way  to  guarantee  that  the  inter-segment  compatibility 
is  met. 

5.  The  QUAr<2  element  is  used  for  the  case. 

6-7.  The  CYJ0IN  defines  side  1 and  side  2.  Field  3 must  identify  the 
translation  component  normal  to  the  boundary.  If  grid  201  were 
listed  on  side  1,  there  would  be  no  slot. 

8-10.  These  define  the  magnitude  of  the  loads. 

11-15.  Not  used.  These  are  for  static  and  vibration  analysis. 

16.  Specifies  frequency  range. 

17-24.  Specifies  the  grid  points.  Note  that  the  cylindrical  coordinates 
are  referenced, 

25.  The  material  property  for  the  case.  Field  9 (the  element  damping) 
should  he  zero.  See  .Item  31 . 

26.  The  material  property  for  the  propellant.  Note  that  = 500. 
and  = .SO  are  arbitrarily  selected  values. 

27.  PARAM  COUPM/'SS  = 1 selects  coupled  mass.  This  is  not  generally 
recommended  for  frequency  response  problems,  but  was  used  to 
allow  GIVIN's  method  for  eigenvalue  e.Ntraction  of  vibration  modes. 

28.  This  PARAM  is  required  for  cyclic  syiiunetry  pi’oblcnis.  The  options 
include  DI.J,  R0T,  DSYM  and  DANT. 

29.  This  PARAM  is  defaulted  to  -1,  the  recommended  value.  Tlie  value 
used  here  changes  the  order  of  the  equations. 

30.  Iho  DEC.1M0PT  should  be  set  to  the  SYMMETRIC  option  (2  for  IBM, 

4 for  CDC). 

31.  The  PARAM  G is  used  for  overall  damping.  It  is  recommended  for 
the  damping  of  the  case  and  must  he  entered  into  the  calculation 
of  the  table  TI  (see  40-43.) 

32.  N is  the  number  of  segments.  For  the  dihedral  symmetry,  each  seg- 
ment has  a left  ana  a rigljt  substructure. 

33.  NL0AD  is  required  if  not  equal  to  one. 

34.  This  parameter  will  cause  the  value  of  k to  be  printed  in  every 
loop. 
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35.  The  thickness  of  the  case. 

36-37.  Assigns  table  1000  for  the  frequency  dependence  of  loads. 

38.  Removes  matrix  singularity  since  there  is  no  stiffness  for 
rotations  associated  with  the  solid  elements. 

39.  Boundary  condition  for  base. 

40-43,  Table  for  frequency  dependent  materials,  computed  by: 


Frequency 

0. 

1500. 

3000. 

Data 

G' 

500. 

860. 

1180. 

G"/G' 

.00 

.53 

TR  ^ 

0. 

1.44 

2.72 

TI  ^ 

0. 

1 .9264 

2.5016 

whore  = 500.  = .5  (see  26)  and  g = 0,  (see  31,).  The  table  for 

TI  is  one  greater  than  for  TR.  TR  is  selected  by  .SDAMP  in  case  control. 

44-45.  The  frequency  dependence  of  the  loads  is  ai  constant. 

The  results  are  shown  for  displacements  in  the  solution  sot.  If  desired, 
data  recovery  could  be  used  for  dependent  displacements,  element  forces, 
constraint  forces,  plots,  etc.  For  interpreting  results,  the  user  should 
remember  that  a local  displacement  coordinate  system  is  used.  A left  h.and 
system  is  used  for  the  "L"  substructures.  Compare,  for  example,  the  motion 
of  point  211  in  subcase  1 and  2,  which  represents  the  same  physical  displace- 


ment . 
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1.  Elements  used:  plates  (QUAD2)  and  solids  (I1EXA2) 

2.  Geometry  (oylindrical  coordinate  system) 

Inner  radius  1.0 

. Outer  Radius  3,0 

Height  2.0 

Plate  thickness  0.1 

3.  Material  Properties 

Plate  E = 1.  X 10^,  O = ,25,  p = 2.  x lO"'*,  g = 0.0 


U = ,49,  p 1 ,66  X 10* 


Solid 


.Shear  Storage  Modulus  G' 


Slicar  Loss  Tangent  G"/G' 


boundary  condition.  Base  fixed. 

Loads.  Two  conditions  on  inner  face,  see  Figure  2. 


1500. 

3000. 

860. 

1180. 

.56 
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APPENDIX  D 
TASK  4 FINAL  REPORT 

VIBRATION  TESTING  OF  THE  BASELINE  MOTOR 
RPL  COMPONENT  VIBRATION  PROGRAM 


Because  a large  volume  of  data  was  produced  during 
the  test  program,  this  report  has  been  abridged  by 
removing  all  but  the  most  important  data.  The 
omitted  data  were  in  the  original  Task  4 final 
report  which  is  on  file  at  the  AFRPL,  Edwards,  Ca. 
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FOREWORD 


This  report  was  written  under  Task  4 of  Air  Force  Contract  No. 
F04611-73-C-0025.  Results  of  acoustic  vibration  testing  on  an  inert 
Poseidon  C3  S/S  motor  are  reported  herein.  This  report  is  not  a required 
contract  data  item.  This  work  was  performed  by  Hercules  Incorporated, 
Systems  Group,  at  the  Bacchus  Works,  Magna,  Utah,  The  cognizant  project 
engineer  is  Dr.  D.  George,  AFRPL,  Edwards  AFB,  California. 


ABSTRACT 


The  purpose  of  Task  4 of  Contract  No.  F04611-73-C-0025  was  to  obtain 
the  vibration  i*esponse  characteristics  of  an  inert  Poseidon  C3  S/S  motor. 

A testing  program  was  conducted  on  an  inert  motor  using  a loudspeaker 
mounted  in  the  combustion  cavity  as  a source  of  excitation.  Results  from 
this  testing  program  will  be  used  in  Task  5 for  comparison  with  results 
obtained  from  finite -element  models. 

Mode  shapes  of  the  motor  structure,  oscillating  in  response  to  the 
stimulus  ,of  the  loudspeaker,  were  obtained  by  using  a movable  accelerometer. 
By  using  double-backed  adhesive  tape  to  mount  the  accelerometer,  it  was 
possible  to  quickly  move  the  accelerometer  from  one  location  to  another  on 
the  motor  structure,  recording  the  acceleration  response  magnitude  and 
phase  at  each  location.  The  mapping  was  carried  out  at  several  selected 
frequencies . 

In  addition  to  the  mode  shape  mapping,  frequency  response  plots  were 
obtained  at  selected  locations  on  the  structure  by  recording  the  accelero- 
meter output  as  a function  of  loudspeaker  (input)  frequency  on  an  x-y 
recorder.  The  loudspeaker  input  frequency  was  swept  from  50  Hz  to  1000  Hz 
as  the  accelerometer  output  was  plotted. 

This  report  describes  the  test  procedures  and  presents  the  testing 
results  . All*  applicable  raw  data  are  included  for  reference  and  some  ( 'me 
mode  shapes  are  plotted  to  illustrate  the  use  of  the  data.  No  attempt  i 
made  to  further  Interpret,  evaluate,  or  analyze  the  data.  The  data  will 
be  studied  in  Task  5. 


*See  note  on  page  D-1. 
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INTRODUCTION  AND  SUMMARY 


A.  INTRODUCTION 

The  purpose  of  this  report  is  to  describe  the  testing  and  document 
the  detailed  results  for  the  acoustic  vibration  experiments  carried  out 
under  Task-  4 of  AFRPL  Contract  No.  F04611-73-C-0025 . This  report  is  not 
a required  contract  data  item. 

The  .objective  of  the  testing  program  was  to  characterize  the  vibration 
response  of  xhe  S/S  Poseidon  C3  motor  in  such  a way  that  results  could  be 
used  for  verification  of  finite -element  models  that  are  being  developed 
under  Task  3.  The  testing  plan  contained  in  the  appendix  of  the  approved 
program  plan^  provides  a general  description  of  the  testing  program  that 
has  been  conducted.  However,  details  of  the  testing  program  actually 
conducted  vary  considerably  from  those  given  in  the  published  testing  plan. 

The  actual  testing  program  evolved  through  a series  of  check-out  and 
evaluation  tests.  After  preliminary  tests  had  been  conducted,  an  approach 
was  formulated  and  an  informal  preliminary  test  report  was  issued. 

Significant  details  of  the  new  approach  were  discussed  with  the  project 
engineer  at  RPL,  Dr.  D.  George,  and  concurrence  was  obtained  on  the  general 
approach . 

The  tests  were  conducted  on  Poseidon  S/S  inert  motor  number  STV-4D. 

The  motor  was  obtained  from  the  Lockheed  Missiles  and  Space  Company,  Sunnyvale, 
California,  on  a six -month  loan.  Hardware  from  a Hercules  lobby  display 
motor  were  installed  on  the  inert  motor  and  the  dummy  training  nozzle  was 
replaced  with  a production  full-scale  nozzle  furnished  by  the  Hercules 
Poseidon  program  office.  The  motor,  complete  with  hardware,  was  placed  in 
Building  33  at  Hercules  Plant  81  where  the  testing  was  conducted. 

In  the  following  sections  of  this  report,  the  test  set-up  is  described 
and  the  test  procedure  is  given.  Then  results  of  the  testing  program  are 
presented  and  discussed.  The  final  section  contains  the  conclusions  reached 
as  a result  of  the  testing  program. 

B . SUMMARY 

A loudspeaker  was  placed  in  the  combustion  cavity  to  provide  a source 
of  acoustic  excitation.  A variable  frequency  oscillator  was  used  to  alter 
the  excitation  frequency.  Structural  response  levels  were  recorded  using  a 
movable  accelerometer.  Acoustic  sound  pressure  levels  were  recorded  using 
a microphone  on  a probe  in  the  combustion  cavity.  The  motor  was  pressurized 
to  50  psi  for  all  tests  to  provide  separation  between  the  chamber  insulator 


1 

Program  Plan  for  Analytical  Prediction  of  Motor  Component  Vibrations  Driven 
by  Acoustic  Combustion  Instability,  8 January  1973,  for  AFFTC,  Edwards  AFB, 
California,  by  Hercules  Incorporated,  Bacchus  Works,  Magna,  Utah 
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and  grain  shrinkage  flaps  in  the  domes . Tests  on  the  forward  dome  were 
performed  with  the  motor  in  the  horizontal  position.  Tests  on  the  aft  dome 
were  completed  with  the  motor  in  a vertical  attitude,  nozzle-up. 

Two  different  kinds  of  data  were  gathered  during  the  testing;  (1)  mode 
shape  mappings  at  a constant  frequency,  and  (2)  frequency  sweeps  with  the 
accelerometer  placed  at  selected  locations . The  mode  shape  mappings  resulted 
in  data  that  can  be  used  to  plot  the  mode  shapes  of  the  structure  responding 
to  an  input  at  a particular  frequency.  The  frequency  sweep  data  provided 
the  means  for  resonant  frequency  assessments . 
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SECTION  II 


TEST  SET-UP  DESCRIPTION 


Full-scale,  inert  Poseidon  second  stage  motor  STV-4D  was  used  as  a 
test  vehicle  for  this  program.  The  following  major  hardware  were  on  the 
motor; 


(1) 

Nozzle  assembly 

(2) 

Flight  control  electronics  package 

(3) 

Hydraulic  power  unit  (HPU) 

(4) 

Inert  gas  generator 

(5) 

Pitch  and  yaw  actuators 

(6) 

Thrust  termination  (TT)  port« 

Two  separate  series  of  tests  were  performed;  (1)  forward  dome  testing 
with  the  motor  in  the  horizontal  position  resting  on  a standard  handling 
dolly,  and  (2)  aft  dome  testing  with  the  motor  in  the  vertical  position, 
nozzle  up.  In  the  vertical  position,  tne  motor  was  supported  by  a special 
stand  that  was  borrowed  from  the  manufacturing  department.  An  aluminum 
handling  fixture  (ring  around  aft  skirt  attachment  area,  see  Figure  1)  was 

supported  and  held  up  away  from  the  aft  skirt  by  a special  supporting 
structure.  Since  the  handling  fixture  was  held  away  from  the  motor,  it  was 
possible  for  the  test  conductors  to  stand  on  the  fixture  during  testing  to 
access  the  aft  dome  accelerometer  locations.  The  sketches  shown  in  Figure  1 
illustrate  the  two  test  configurations.  The  aft  dome  testing  was  performed 
with  the  motor  in  the  vertical  position  because  preliminary  check-out  tests 
Indicated  that  the  cantilevered  nozzle  in  the  horizontal  position  has  a 
strong  effect  on  the  symmetry  of  some  of  the  basic  dome  modes^.  The  forward 
dome  testing  was  carried  out  before  the  motor  was  rotated  to  the  vertical 
position  because  the  forward  dome  is  difficult  to  access  when  the  motor  is 
in  the  vertical  position. 

A block  diagram  showing  the  instrumentation  used  to  record  pressure  and 
acceleration  response  is  shown  in  Figure  2.  Using  the  sot-up  shown,  the 
frequency  of  a particular  resonance  can  be  determined  accurately  with  a 
frequency  meter . A phase  meter  is  used  to  measure  phase  between  the  reference 
accelerometer  output  and  the  movable  accelerometer  output  (or  the  microphone 
output) . A digital  voltmeter  is  used  to  measure  movable  accelerometer  output 
at  a particular  frequency.  For  frequency  sweeps,  the  movable  accelerometer 
output  was  plo*;ced  as  a function  of  frequency  by  an  x-y  plotter. 

An  eight -inch  cone  type  loudspeaker  was  placed  in  the  slotted  region 
of  the  combustion  cavity  to  provide  the  source  of  acoustic  excitation.  A 
special  nozzle  closure  for  containing  the  50  psi  chamber  pressure  was  designed. 


Preliminary  Testing  Report,  Acoustic  Testing,  Task  4,  "Analytical  Prediction 
of  Motor  Component  Vibration  Driven  by  Acoustic  Combustion  Instability" 
Program,  Contract  F04611-73-C-0025,  AFRPL,  by  Hercules  Incorporated,  Magna, 
Utah,  12  April  1973. 


D-11 


constructed,  and  installed  in  the  test  chamber.  Nitrogen  gas  was  used  to 
pressurize  the  chamber  to  50  psi.  An  existing  pressure  tap  in  the  forward 
closure  was  used  to  supply  nitrogen  to  the  chamber  from  a commercial 
nitrogen  bottle.  The  pressure  gage  and  regulator  supplied  with  the  nitrogen 
bottle  were  used  to  control  the  motor  chamber  pressure.  Figure  3 is  a 
sketch  of  the  general  motor  testing  set-up.  Figures  4 and  5 are  photographs 
showing  the  actual  test  instrumentation  used  and  the  vertical  motor 
configuration , 


SECTION 


TEST  PROCEDURE 


Two  basic  test  procedures  are  described  here,  one  procedure  for 
frequency  response  testing  and  one  procedure  for  mode  shape  mapping . The 
frequency  response  testing  was  performed  first  so  that  results  could  be- 
used  as  a guide  in  choosing  frequencies  for  mode  shape  mapping. 

The  frequency  response  testing  was  performed  for  a limited  number  of 
points  selectad  on  the  domes  and  on  the  components  . The  movable  accelero- 
meter was  mounted  at  a selected  location  using  double-backed  adhesive  tape.* 
The  power  amplifier  supplying  the  speaker  was  adjusted  for  an  eight -volt 
output.  The  audio  osc^lator  dials  were  then  slowly  turned  to  sweep  the 
frequency  from  50  Hz  to  1000  Hz  while  the  accelerometer  output  was  plotted 
as  a function  of  frequency  on  the  x -y  recorder . The  resulting  plot  of 
acceleration  amplitude  versus  frequency  was  examined  to  determine  apparent 
resonant  frequencies.  Peaks  may  occur  in  the  plot  , ,',ther  due  to  acoustic 
cavity  resonance  or  due  to  structural  resonance.  Significant  resonance 
frequencies  of  both  types  were  selected  for  mode  shape  mapping , 

To  map  a mode  shape,  the  audio  oscillator  was  set  to  the  selected 
frequency  and  the  power  amplifier  output  (speaker  input)  was  adjusted  to 
eight  volts.  Generally,  the  audio  oscillator  was  fine-tuned  to  marimize 
the  accelerometer  signal  from  a selected  location  by  observing  the  re.sponse 
on  the  oscilloscope  as  the  oscillator  frequency  control  was  adjusted.  The 
reference  accelerometer  was  installed  at  a specified  location.  The  movable 
accelerometer  was  moved  from  location  to  location  until  each  point  in  the 
area  being  mapped  was  covered.  For  each  point  at  which  the  movable  accelero- 
metei  was  located,  the  accelerometer  output  was  read  on  the  digital  voltmeter 
and  recorded  on  a data  sheet . The  phase  angle  between  the  response  from 
the  reference  accelerometer  and  the  response  from  the  movable  accelerometer 
was  noted  on  the  phase  meter  and  recorded  on  the  data  sheet.  Thus,  results 
from  a mode  shape  mapping  were  obtained  in  the  form  of  a table  giving 
acceleration  amplitude  and  phase  at  a set  of  mapping  points.  Double-backed 
adhesive  tape  was  used  at  each  mapping  location  to  allow  easy  and  quick 
installation  and  removal  of  the  movable  accelerometer. 

The  accelerometer  mapping  locations  for  the  forward  dome  are  shown  in 
Figure  6,  Since  there  are  many  locations  and  the  numbering  system  can  be 
confusing,  the  order  in  which  the  dome  layout  is  numbered  is  indicated  in 
Figure  7.  For  example,  the  numbering  system  starts  with  93  at  the  0°  point 
on  the  adapter,  and  positions  located  radially  outward  are  numbered  in 
sequence  through  108,  This  is  indicated  in  Figure  7 by  the  " 1 " line. 

The  numbering  sequence  is  continued  at  line  2 in  Figure  7,  etc. 


*Double -backed  adhesive  tape  was  shown  to  provide  a satisfactory  accelerometer 
mounting  system,  as  reported  in  the  preliminary  testing  report. 
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The  accelerometer  mapping  locations  for  the  aft  dome  structure  are 
given  in  Figure  8 and  the  numbering  sequence  is  shown  in  Figure  9 . Accelerp- 
meter  locations  for  the  components  are  shown  in  Figure  10  and  those  for  the 
nozzle  in  Figure  11.  Photographs  shov?ing  more  precisely  the  locations  of 
the  accelerometers  on  the  aft  dome  are  given  in  Figures  12  through  16.  It 
was  not  pos'sible  to  install  accelerometers  at  each  numbered  location  due 
to  interference  with  existing  equipment.  The  data  given  in  Section  IV 
indicate  which  locations  were  used.  The  manufactured  nozzle  closure  is 
shown  in  Figure  17 . 

Frequency  response  testing  and  acoustic  mode  mapping  were  carried  out 
for  the  combustion  cavity  by  using  the  microphone  in  place  of  the  movable 
accelerometer  in  the  procedures  described  above . The  microphone  location 
used  in  conjunction  with  the  forward  dome  tasting  is  shown  in  Figure  3. 
Frequency  response  data  were  obtained  for  the  microphone  location  of 
Figure  3.  For  the  aft  dome  testing,  the  microphone  was  mounted  on  a pvobe 
so  that  acoustic  modes  could  be  mapped  in  the  cylinderical  section  between 
the  speaker  and  the  nozzle  closure.  Mapping  locations  for  the  cavity  are 
defined  in  Figure  18. 
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RESULTS 


A.  FORWARD  DOME  FREQUENCY  RESPONSE  TESTING 

Frequency  response  data  were  obtained  for  different  points  on  the 
forward  dome.  A separate  graph  was  obtained  from  the  x-y  plotter  for  each 
point  showing  acceleration  response  as  a function  of  frequency.  One  graph 
is  given  in  Figure  19.  The  frequency  response  graphs  are  included  in  this 
report  as  they  were  received  from  the  x-y  plotter.  A frequency  scale  and 
notations  have  been  added  to  each  graph,  but  no  tracing  or  other  redrawing 
has  been  done. 

The  notations  on  each  graph  indicate  the  day  (date),  time  of  day,  and 
location  of  the  accelerometer  for  each  test.  The  vertical  line  near  the 
0 frequency  mark  is  a calibration  line  showing  unit  acceleration  response 
amplitude  so  that  amplitudes  on  different  graphs  can  be  compared.  For 
those  graphs  that  have  no  calibration  line,  the  line  on  a preceeding  graph 
applies ; the  calibration  line  was  only  plotted  when  the  gain  settings  were 
changed.  For  some  selected  peaks  on  the  graphs,  the  frequency  at  which 
the  peak  occurred,  as  read  on  the  frequency  meter,  has  been  written  near 
the  peak.  In  addition,  the  phase  angle  read  on  the  phase  meter  is  denoted 
after  the  peak  frequency  for  some  of  the  data.  During  this  testing  the 
reference  accelerometer  was  located  as  position  number  93;  position  numbers 
given  correspond  with  Figure  6 . 

B.  FORWARD  DOME  MODE  SHAPE  MAPPING 

By  reviewing  the  frequency  response  data,  six  significant  frequencies 
were  selected  for  detailed  mode  shape  mapping  of  the  forward  dome.  The 
forward  dome  was  mapped  in  detail  at  frequencies  of  100,  155,  192,  262, 

320,  and  367  Hz.  The  response  was  recorded  at  each  of  the  points  defined 
in  Figure  6 for  each  of  the  above  six  frequencies.  A limited  mapping, 
usually  consisting  of  making  measurements  along  only  one  radial  line,  was 
additionally  conducted  at  frequencies  of  34,  386,  460,  517,  590,  620,  675, 
and  805  Hz. 

The  mapping  data  are  obtained  in  a tabular  foim  giving  measured 
amplitude  and  phase  at  each  mapping  point.  All  "raw"  data  obtained  during 
the  forward  dome  mapping  tests  are  provided  in  Appendix  A of  the  original 
Task  4 final  report. 

To  illustrate  the  use  of  the  acquired  data,  consider  the  following 
example  of  steady  state  response  for  a system  with  two  degrees  of  freedom: 

At  point  one  the  amplitude,  yi(t),  may  be  expressed  as  a function  of 
time  as: 


yi(t)  = Sin  (u)t  + 4>i) 
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At  point  two  the  amplitude  would  then  be. 


y2<t)  =>=  Y2  Sin  (oDt  + 4^2) 

The  terms  and  <j>2  are  the  phase  angles  measured  relative  to  some  arbitrary 
reference,  and  and  Y2  are  the  corresponding  maximum  (single  amplitude) 
response  amplitudes  at  points  one  and  two.  During  the  mapping  process, 
maximum  amplitudes  Yj^  and  phase  angles  <j>£  are  obtained.  To  study  the  mode 
shape  of  the  response  oscillations,  it  is  usual  to  maximize  a particular 
response  of  Interest;  i.e.,  it  is  common  to  choose  a ti.me,  tg,  such  that 
y^(t)  = Yi  for  an  i of  interest.  Thus  a time,  t^,  such  that  u)to  + 4>i  = 90°, 
would  maximize  y^(t)  and  the  mode  shape  at  tQ  would  be; 


yi(to) 

^1 

y2<to) 

Y2  Sin  (-  + <j>2) 

Some  of  the  data  given  In  Appendix  A*  have  been  reduced  and  the  amplitudes 
yi(to),  are  given  on  the  data  sheets  in  the  column  titled  "amplitude".  The 
reduced  data  have  been  plotted  to  show  mc^e  shapes  for  oscillations  at  100, 

155,  192,  262,  and  367  Hz.  Some  mode  shape  plots  are  given  in  Figure  20 
through  24, 

C.  ACOUSTIC  CAVITY  FREQUENCY  RESPONSE  TESTING 

Frequency  responje  plots  were  obtained  for  microphone  locations  1,  8, 
and  15  (refer  to  Figure  18)  . The  plots  are  presented  in  Figures  25,  26, 
and  27 « 

D . ACOUSTIC  CAVITY  MODE  SHAPE  MAPPING 

Acoustic  pressure  mode  shapes  were  recorded  for  the  combustion  cavity 
at  frequencies  of  57,  158,  192,  265,  315,  and  364  Hz.  Mapping  locations  are 
shown  in  Figure  18.  The  raw  data  are  given  in  Appendix  B for  2 frequencies. 

The  acoustic  mode  shape  for  364  Kz  has  been  plotted  and  is  shown  in 
Figure  28. 

E.  MOTOR  AFT -END  FREQUENCY  RESPONSE  TESTING 

Frequency  response  data  was  obtained  for  15  different  points  on  the 
aft  end  of  the  motor.  The  graphs  are  given  in  Figures  29  through  41.  The 
location  numbers  given  on  the  graphs  correspond  with  Figures  8,  10  and  11. 

F , MOTOR  AFT -END  MODE  SHAPE  MAPPING 

The  motor  aft  end  was  mapped  in  detail  at  frequencies  of  56,  262,  and 
363  Hz.  For  the  detailed  nuppings,  data  were  obtained  at  the  locations 
defined  in  Figures  8 through  11.  In  addition,  a partial  mapping  was  carried 
out  on  the  components  at  several  other  frequencies . The  Flight  Electronics 
unit  was  mapped  at  frequencies  of  104,  134,  269,  367,  409,  and  685  Hz.  The 


*Refer  to  the  original  Task  4 final  report. 


HPU  and  Gas  Generator  units  were  mapped  at  frequencies  of  70,  89,  and  150  Hz, 

Some  typical  dsta  obtained  from  these  tests  is  given  in  Appendix  C. 

An  effort  was  made  to  assure  that  one  or  two  of  the  fundamental 
cantilever  modes  for  the  components  would  be  mapped.  To  determine  the 
fundamental  cantilever  mode  of  the  Flight  Electronics  unit,  an  accelerometer 
was  placed  on  the  unit  at  location  585 . The  Flight  Electronics  unit  was 
then  "thumped"  with  the  heel  of  a hand  and  the  decaying  response  from  the 
accelerometer  was  observed  on  an  oscilloscope.  An  effort  was  then  made  to 
estimate  the  frequency  of  the  decaying  oscillations.  Using  this  approach, 
the  fundamental  cantilever  mode  of  the  Flight  Electronics  unit  was  estima'.ed 
to  be  approximately  100  Hz.  To  excite  this  mode  with  the  speaker -driver , 
the  response  from  two  accelerometers,  one  mounted  at  583  and  one  at  585, 
was  viewed  on  a dual-beam  scope  while  the  oscillator  was  tuned  near  100  Hz, 

The  response  ratio  (585/583)  peaked  out  at  104  Hz.  Thus,  it  was  determined 
that  the  fundamental  cantilever  mode  for  the  Flight  Electronics  unit  occurs 
at  104  Hz . 

A similar  twang  or  thumping  test  was  conducted  on  the  coupled  HPU  and 
Gas  Generator  assembly.  For  this  assembly,  the  fundamental  cantilever  mode 
apparently  occurs  at  89  Hz,  This  mode  is  likely  to  be  more  complex  than 
simple  beam  cantilever  motion,  however,  due  to  the  more  complicated  geometry. 

G.  EFFECT  OF  HELIUM  VERSUS  NITROGEN  ON  FREQUENCY  RESPONSE  RESUT.TS 

> 

The  frequency  response  plots  presented  up  to  this  point  exhibit  "peaku" 
at  various  particular  frequencies . The  peaks  occur  at  resonant  frequencies 
for  the  total  system.  It  seems  likely  that  some  of  the  peaks  occur  mainly 
because  of  structural  resonance  while  others  are  probably  due  mostly  to 
acoustic  cavity  resonance.  In  order  to  identity  structural  resonant  frequencies,, 
a gas  different  from  nitrogen,  a helium  and  nitrogen  mixture,  was  used  to 
pressurize  the  chamber.  The  different  gas  has  a different  speed  of  sound 
I than  nitrogen,  which  results  in  a different  frequency  of  oscillation  for  a 
given  acoustic  mode. 

At  the  beginning  of  this  testing,  the  goal  was  to  obtain  two  sets  of 
frequency  response  data  for  a selected  group  of  accelerometer  locations,  with 
the  only  differences  in  the  data  being  the  gas  used  to  pressurise  the  chamber . 
With  this  goal  in  mind,  frequency  respo.ise  plots  were  obtained  for  10  different 
points  while,  nitrogen  gas  was  used  to  pressurize  the  chamber.  The  data 
for  point  93  are  presented  in  Figure  42.  During  this  testing,  various 
testing  system  failures  were  experienced.  The  digital  frequency  counter  was 
repaired,  an  accelerometer  cable  was  replaced,  and  the  speaker /driver  was 
.replaced , 


In  order  to  cancel  out  effects  of  changes  in  the  testing  system,  the 
tests  using  nitrogen  were  repeated  at  three  locations;  304,  585,  and  594, 
Results  from  these  tests  are  given  in  Figures  43,  44,  and  45. 


Directly  following  completion  of  the  above  test,  where  three  frequency 
response  plots  were  obtained  using  nitrogen,  a gas  mixture  was  created  and 
three  correspondin;j  frequency  response  plots  were  obtained  for  comparison. 
The  gas  mixture  was  obtained  by  bleeding  of  the  nitrogen  gas  until  a chamber 
pressure  of  25  psi  was  measured.  The  chamber  was  then  repressurized  to 
50  psi  using  helium  gas.  The  frequency  response  plots  obtained  using  the 
nitrogen/helium  mixture  are  shown  in  Figures  46,  47,  and  48, 

A final  series  of  frequency  response  tests  were  run  by  using  only 
helium  gas  to  pressurize  the  motor  to  50  psi.  Data  from  the  helium  tests 
is  presented  in  Figures  49  through  53. 


SECTION  V 


CONCLUSIONS 


The  purpose  of  this  report  was  to  describe  the  test  procedure  and 
present  the  results  for  the  acoustic  vibration  testing  of  inert  motor  STV-4D 
as  required  in  Task  4.  The  tests  were  conducted  to  provide  data  for  compari- 
son with  finite  element  results  to  verify  the  adequacy  of  the  finite  element 
models . No  effort  has  been  made  to  analyze  or  interpret  the  testing  results 
obtained.,  The  Task  4 testing  appears  to  have  been  successful  in  providing 
various  sets  of  data  that  can  be  used  for  verifying  finite  element  models. 
However,  a better  judgement  of  the  quality  of  the  data  can  only  be  made 
after  the  data  are  studied  in  more  detail  and  used  in  comparisons  in  the 
work  of  Task  5 . 
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Figure  1.  Motor  Testing  Attitudes 


Figure  5 . Test  St-t-Up  with  Motor  In  Vertical  Position 
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Figure  6.  Accelerometer  Locations  for  the  forward  Dom® 


Acceleroi»eter  Locations  Near  90°  Actuator  and  Flight  Electronics 


Figure  13.  Ait  Dome  Accelerometer  Locations  Near  0°  Actuator  and  Flight  Electronics 
Package,  S/S  Poseidon  C-3 


Figure  14.  Aft  Dome  Accelerometer  Locations  Near  the  Hydraulic  Power  Unit,  S/S  Poseidon 


Nozzle  Closure  Showing  Microphone  Probe,  S/S  Poseidon 
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Figure  19.  Frequency  Response  Plot  for  the  Reference  Accelerometer  Located  at 
Position  No.  93  on  the  Forward  Dome,  S/S  Poseidon  C-3 


Figure  25.  Acoustic  Cavity  Pressure  as  a Function  of  Frequency  at  Microphone  Position  No 


Figure  26.  Acoustic  Cavit  ’ Pressure  as  a Function  of  Frequency  at  Microphone  Position  No 
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Figure  28.  Mode  Shape  for  364  Hz  Cavity  Frequency 
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Frequency  Response  Plot  for  Position  No.  300,  Motor  Aft  End,  S/S  Poseidon 


Figure  32.  Frequency  Response  Plot  for  Position  No.  585,  Motor  Aft  End,  S/S  Poseidon 


■HM 

■•aafiia’^iiai 


■■■■■■■■> 

ilaMi  ■■■■■■! — 


:annai 

Msiiuiiiiiiiiiiiii 

iu»:Rns:!KU!^i.:ss:Hu: 

SKR(£K;R:aKUiUKlu:u 

r:r 


tnaaiiMiaBasi 

■■(■■■a 


IliiiiUiUiSaFasiL  . 
^gimSHirsiiUi  HU 


■■■I. 

•■Ml 

■•ill 

■■■■■■■■■I 

— ^ ■■■■■■■: 



■■■•■■■■•  •■■■I 

■■■■■ 


• ■■■■••■•■■I 


IRySiSli^UKSSBBSBaeURSalRK 

IBB  BilflS—BBBWBB  ■■■■■  ■■■■■  ■■■■■■■■■■  ■■■■! 

— — IMBM  MBBiMfBi  BUtBI 

laim  iiiaiwiMB  ■am 


l■sa■«■•■■■■■ 


B ■■•■■«■■•«  MHHHi 

iii 


«■  ■•••■  ■••■■••  •■■■■■■■  ■■■■I 


:s:r::»R3s 


BBSiaiSMBi 

'-'■■■■■■■■i  ■■■■■■■■■■ 

iBBMI  ■■•■<  BHBB  BBiH 


ssyiKuss 


■■■■1 

•■■■I 


«■•■«■  iii»BB—B ■■!>■■■■■■■■■— — wT*ai 

3 •■■■iBBBBBMBBBBBBBiBBBBi  ■■•■•■■■■■■•■■■  ■■■UB^f! 


:iSRS| 


■ ■■■■■  ■■■■■  ■•■»'  ^BaB  I 

■■■pBBBBBBBr;^— BBbbbbi 

■■■■■■■■■■■■I 


:»::::uHRai 


BBnBmBBBBBBgnBBBBBBBBBBI 


RSBBaSRREg^^SSaRSSRIRSS! 

«MB«MBBBlBBB^K«B«B«BB<nB1 

HBBBBBBBBBBBBiBBlBl 
^BBBBglggBBBBBBBr 

l^■^■B^■f  >»BBB—BBB»»B'irB*».^BBga»l 


■■■■■■■■■•I 


BbbbbmbbI 
■■■■■ini 


■■■BBI 


rBaaail 

rOsI 


■■■■I  ■■■! 


asaUUSsEs 


|•■l■■■■l 

SS^mISSi 


3saa»::i 


|si»::a::3:a::::a|:i 

^^:aEs::3:::a::asr 

l:::»:a:iiiaai. 

■■■■■••••■■•■■■I 

I ■■■■■■•■•■■■■■••■■■■ |••■■•■•■i■■■l 

|l■^gi■■ii■■■■i■■■M|•Bii•■■■il — 


^liEluasaaEuaiR 

'■ii■■iilB■■••■■•« 

l■ii■i■i!■■■•M■r‘^ 

IBiBBiBiMBBAW*' 

•••■ 


. jEaEEEaESEEEaasiiiiiHH 
^*8b88N — 

«»4»uue::3 

«■■■!  I 

JsaEEEESEE:::::: 

■ ■■■••■•■■■■■•••■••■I  ii 

■■■••■■■••■■■■•■••••iii 

■ _ ■■■■••••■■■•■■■•■■■■••■■I 

a..— — — 


I ■•■••■•••« ■••■■ ■■•« 


ItSEEEEEEEEt: 


■ •■••■■■••I  I 


(■■■■•■•■#■■••■ 8888 
• ■•••■••4  ■••••■■■■I 
I •■■■■••■■• ■•■•■•••■■••••■••■■I 


8:8881381 


88U 


■■■■••■•I) 

i»8i 


l■•lil■■•ll 

sssaai 


•■■■■ 


l■■■■■■■■•B■■■f  I 

^::83:8::s88:88 

888a  8UU:38»!88838n8i!U::u 

IS&888I  isssssassi  »:s8  ssslissssssfflfsssissssshsslsrbii 

S|S:s3!:::38:k383U8  ::33B8::8iu:38u:!ssi::8u:siiir' 

..J88:::388::n»:88::88::8:8i:8888:88i8:8:il^^^^ 

Ualyil!::# 

BB«#BilH<  ■■■■■■■< 

ESEESta:  SEiEEEEl 
M!!iaa3h:::E:i 


■Bi 

!•< 

.••1 

I ■■■■ill 

■■•I  iii 

iBaaliBi 

I 

I 


J888|i8a< 


■■•■■■■■•■•■•■■ 


■ •■■••■■•■■■■■•■I 

■ ■•••iai 


IB■■■■■•■•■l 

taBllBBaBiBaB  e- 

■■■iiBBBilBaBilBI 
^-'UBBiBBBBBiBI 


19!  ■■■■■■I 


l■■i■r: 

l■•ir,«l 


B4|BI 

■ilai 


!ar5«*C»5«K! 


■■■■I  ■■■■■■■■■■■■■•BBt^ai 

saaEaEsaaisa::^^ 
_ !■■■»«' 

18888881 


l■■■■i■E■l 

l'seeSes: 

rvMa'iaaMMBi 

iaaj.:aaassE|si 

iniiBBBBBBBBBBgW 


wyaBi 


lESEBaaaj 


aEEBSl 


■■iaBB»CBiaaBBaii 


SESE 


»SES  fii 

iSss3  as! 
SUM??? 


iBBaiiBBi 
)aBaiBBii. 
l■•ii■•■■ 

..)•••■•••■ 

■■■■i ■■■■■•■■■■ 
^-naBiiaBBf 


-aiiss 


ESaSEEaEEE^ii 

saSESBSB?M« 

maiiaaaj 


ii^aEsas-.— 

•■•■■■•••laiaaii 


lii••B•l 

»M3l!b!UEaiaaBaassssssaa 


l•8:g8■88■88'i:l 

99!9i9«5*^Jil 


iaFSHaEsEUl 


■ •■■■I 

WSEI 


REBai 
aERRl 

■■■■■■■I 

EEEREEEal 

laaESEREr 


lEas 


|«*ss| 


lai  ■•■■iiBBB' 

:i  assEEsa 

laiiaaMBBBBii 

^EEEEESa  aSSEEESaESEI 

— = — -a-  — 


'■•■■■■■••< 

iBiaiBBirBi 


laaaigBMi 

sassaaEssaiaaiasar’"' 

iBiBBBaiBaBBMaa«BBBBI 

... ^Biaaai|iaB|  ■•■■■■•flai 

i■i■■B■■■B■•■■■■■••■|•■■•^■il  ■■■•••■■■I 
•■••a l•■•lBa■■■ ■•■■■•■■•■•••■■ •■■■■■••■I 
•••■•»■■■■  MiaaaaBU  aain  r*— 

Eb^bb  ■■■■■■■■■«■■■•■  BnnBfSa 
■■■■■•■■■■••■BMBBillHaiiBa 

Bi!q.asssgEaaa||.^a.j^^gH9^jglltg|i|^ 


,■■■■#•■■■■ ■•■■■L 

laBBi  ■■■•■■■■■•  ■■■•■  |■•■a  ■■•■■  ■■•! 

naBB ■■•■■ iBBBa  BBBBi B•■Bi laBai ■•* 

— “ — giaBBjiBBjiigaB  j jBBa|BBaj 


3E8Et^Bnasa 

iiiiiiiiiiBBi*iiiaiuliiiiiiiiaBiiaiaaiiaa9iB**9i8::9fB8::8::M8:i9^ 

iaBBBBBBBiBBBBBBaBaiBaBair 

iBaaBBaaiiBBBaaBaBBilaaBai 

j j Bf^lEBBBBB*  _ 

■■•■■■■■•I ■■■•■■■••• ■•■■•■■■■■■■■■•■BBBB *■■■■••■•■•■■■' 

^iBMBBiaBBlgaBlig!ihH9!9S9999l!!9!59«J;BSiiiiiiliB«i 

l!BB|BBB|IBBBa|BiaB 


jiiassaaiiapajjai 

igaEMijiiiiiiijijiMil 


.^EBEIKESESSSL., 


BEEaEiaas 

Iff  iiaBaiHMBi^ 

«aEE3EE8ES 


|a:BSEassaasaUsaasssaaaaaUaf«!M*g«Ms*5sHM5«“« 


• ■■■•■•MB  ••■■■  I 


■ ■«BBB  ■■■■•••■■•■••■■■■•■■■••■■  ■■■■■■•■■■  ■■■•■•■BBiB—iaffiaiflllB 

iBBaaSfBBSfl ■■■••■•faSiffffBBaBj  ^aasa ■••■■•■■■■!■■■■ iBiif 19991 1999S 


i88888S38& 


Iii  Sana  nMMMSaBaSSSiaaBaai 

— BBalir 


liii  i ii  ii  i*BM  88 888 88883  B88K  88818  8888b  L. 

SaassJsssasEssssns3M»«!MssM=ss« 


EsaEaaaBEEaESSEaEEaESSEasi 

ICnnS  ■■■■■  BBan  ■■■•■»•■■■  ■■•■■■' 


i ■■•■•  ■■■■■  BfaBB  Bl 


■ ■■■■■■■•■■■■■■< 

i aaBiB ■•••■ ■••« 

■ ■•■BaiB»aBMBBL-.--- 

88888888888  ftffl  8?^  SSttSSSS! 


■■■■■»•■■■  BmaBBaBinii 

a•■•■9f■•■••■■ii■i■•«••■•9l 
•■•••■•••■■ aaBBi ■■••• ■■■■■  I 

*jiTiSLijSiSS88ii 

iBSaSil  ■S888  bbbSb  ■' 


D-55 


Figure  36.  Frequency  Response  Plot  for  Position  No.  662,  Motor  Aft  End,  S/S  Poseidon 
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Figure  40,  Frequency  Response  Plot  for  Position  No.  510,  Motor  Aft  End,  S/S  Poseidon 
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Frequency  Response  Plot  for  Position  No.  514,  Motor  Aft  End,  S/S  Poseidon  C-3 


Figurr  42.  Frequency  Response  Plot  for  Position  No.  93  Using  Nitrogen  Gas 
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Baseline  Frequency  Response  Data  for  Position  No.  585  Using  Nitrogen 
Chamber  Pressurization 


Chamber  Pressurii-ation 


Figure  4e.  Frequency  Response  Data  tor  Position  No.  304  Using  a Nitrogen/Heiium  Gas 
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Figure  U/ . Frequency  Response  Dara  for  Position  No.  585  Using  a Nitrogen/Helium 
Mixture  for  Chamber  Pressurization 


Figure  48.  Frequency  Response  Data  for  Position  No.  594  Using  a Nitrogen/Helium 
Mixture  for  Chamber  Pressurization 


03ta  for  Position  No,  585  Using  Helium  Gas  for  Chamber 


Figure  51.  Frequency  Response  Data  for  Position  No.  3^  Using  Helium  Gas  for  Chamber 
Pressui ization 


Figure  52.  Frequency  Response  Data  for  Position  No.  300  Using  Heliom  Gas  for  Chamber 
Pxessurlzatior 


Data  for  Position  No.  664  Using  Helium  Gas  for  Chamber 


APPENDIX  A 


FORWARD  DOME  MODE  SHAPE  MAPPING 
(RAW  TEST  DATA) 


Because  a large  volume  of  data  was  produced  during  the  test 
program,  only  the  iTiost  important  raw  data  are  included  in  the 
final  report.  All  raw  data  obtained  from  forward  dome  mode 
mapping  have  been  omitted.  The  deleted  raw  data  are  included 
in  the  original  Task  4 report  which  is  on  file  at  the  AFRPL, 
Edwards,  California. 


APPENDIX  B 


ACOUSTIC  MODE  MAPPING  RESULTS 
(RAW  TEST  DATA) 


This  appendix  has  been  abridged  by  including 
, only  data  for  the  265  Hz  and  364  Hz  mappings. 


Test  Series  6-19-73 


Speaker:  Type 

Utah  8" 

, Location  Fwd  Slots  , Voltage  8 

(RMS) 

Data) from  Acc 

No. 

Motor  Pressure_ 

50 

Phase  Ret  Station.  300 

Frequency 265  Established  at  Station 


Station 

Voltage 

(RMS) 

V 

Phase 

Angle 

0 

Station 

Voltage 

(RMS) 

V 

Phase 

Angle 

1 

0.139 

-30 

21 

0.069 

-56 

2 

0.143 

-30 

22 

0.048 

-75 

3 

0.131 

-33 

23 

0.036 

-115 

4 

0.119 

-38 

24 

0.045 

-162 

5 

0.093 

-43 

25 

0.070 

-175 

6 

0.068 

-54 

26 

0.090 

-174 

7 

•0.052 

-73 

27 

0.107 

-163 

8 

0.030 

-130 

28 

o;i26 

+156 

9 

0.041 

-165 

29 

0.129 

+156 

10 

0.065 

-175 

30 

0.131 

+156 

11 

0.087 

+167 

2 

0.139 

-30 

12 

0.108 

+162 

31 

0.136 

-33 

13 

0.121 

+156 

32 

0.143 

-24 

14 

0.133 

+151 

33 

0.139 

-32 

15 

0.124 

+142 

17 

— 

-- 

16 

0.140 

-30 

14 

0.123 

i 

+147 

,17 

0.139 

-30 

34 

0.126 

+149 

18 

0.131 

-32 

35 

0.128 

+152 

19 

0.115 

-40 

36 

0.130 

+156 

20 

0.092 

-46 

29 

-- 

-- 

D-75 


ACOUSTIC  MODE  MAPPING 


Test  Series  5 
Speaker : Type_ 

-23-73 
Utah  8" 

, Location 

Fwd  Slots 

Voltage 8_ 

(RMS) 

Data  from  Acc 
Motor  Pressure_ 

(S) 

50 

No. 

Phase  Ret  Station 

Established  at  St 

Phase 

Angle 

0 Static 

L 

300 

Phase 

Angle 

Frequency 

364 

atl 

n 

on  300 

Station 

Voltage 

(RMS) 

V 

Voltage 

(RMS) 

V 

1 

0.159 

-173 

26 

0.194 

+32 

2 

0.086 

+126 

27 

0.061 

-75 

3 

0.257 

464 

28 

0.267 

-121 

4 

0.458 

+54 

29 

0.465 

-127 

5 

0.610 

+50 

0.626 

-132 

6 

0.691 

+48 

2 

7 

0.718 

+47  . 

31 

8 

0.665 

+44 

32 

9 

0.544 

+42 

33 

L 

10 

0.331 

+35 

17 

> 

Couldn't  read 

due  to 

11 

0.176 

+21 

14 

open  ground 

12 

0.125 

-80 

34 

13 

0.344 

-120 

35 

14 

0.537 

-126 

36 

15 

0.673 

-125 

29/ 

16 

0.159 

-165 

15  - 0° 

0.641 

-128 

17 

0.104 

+115 

15  - 45° 

0.575 

-136 

18 

0.193 

+75 

15  - 90° 

0.614 

-136 

19 

0.370 

+59 

15  - 135° 

0.629 

-136 

20 

0.547 

+54 

15  - 180° 

0.616 

-135 

21 

0.651 

+50 

15  - 225° 

0.612 

-135 

22 

0.704 

+50 

15  - 45^^ 

0.556 

-133 

23 

0.674 

+45 

15  - 0° 

0.633 

-130 

24 

0.566 

+46 

15  - 315° 

0.638 

-133 

25 

0.408 

+44 

15  - 270° 

0.629 

-130 

.D-76 


APPENDIX  C 

MOTOR  AFT-END  MODE  SHAPE  MAPPING 
(RAW  TEST  DAT’A'* 

This  appendix  has  been  abridged  by  including 
data  only  for  the  363  Hz  mappings. 
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1 


Test  Series 5-2-73 


0915 


Speaker:  Type  Utah  8" 

Location  Pwd  Slotrs  . 

Voltage  8 

_(RMS) 

Data  from^j^ 

Mic  No._ 

Motor  Pressure 

50 

Phase 

Est  Station 

300 

Frequency 

363 

Established  at  Station  300 

Station 

Voltage 

(PMS) 

V 

Phase 

Angle 

a 

Station 

Voltage 

(RMS) 

W 

Phase 

Angle 

0 

300 

0.605 

+1 

329 

1.304 

+97 

301 

0.569 

+40 

330 

1.148 

+41 

302 

0.859 

+71 

331 

1.563 

+16 

303 

1.535 

+78 

332 

2.080 

-31 

304 

2.465 

+74 

333 

1.537 

-54 

305 

2.974 

+63 

334 

0.512 

-84 

306 

2.573 

+45 

335 

0.076 

+133 

307 

1.672 

+8 

336 

0.750 

+3 

308 

1.825 

-54 

337 

0.589 

+24 

309 

2.446 

-85 

338 

0.511 

+61 

310 

2.441 

-108 

339 

1.061 

+109 

311 

1.691 

-132 

340 

1.979 

+121 

312 

0.635 

+6 

341 

2.089 

+119 

317 

2.084 

+85 

342 

0.779 

+88 

318 

1.90 

+72 

343 

1.206 

-26 

319 

1.256 

+46 

344 

2.329 

-40 

320 

0.928 

+20 

345 

1.968 

-43 

321 

1.349 

-68 

346 

0.436 

-37 

322 

1.299 

-103 

347 

0.090 

+110 

323 

0.844 

-136 

348 

0.202  ' 

+13 

324 

0.317 

+63 

349 

0a69 

+8 

325 

0.312 

+111 

350 

0.445 

+74 

326 

0.641 

+134 

351 

1.012 

+83 

327 

i.io' 

+133 

352 

1.743 

+73 

328 

1.425 

+124 

353 

2.255 

+58 

D-78 


1-1 

li 


Continuation  of  Series 5 

Voltage 

(RMS) 

Station  V 

i-2-73  0915 

Phase 

Angle 

0 

Station 

Voltage 

(RMS) 

V 

Phase 

Angle 

0 

354 

2.455 

+36 

383 

2.230 

+78 

355 

2.296 

+10 

317 

2.053 

+86 

356 

2.049 

+17 

384 

2.059 

+86 

357 

1.677 

-48 

385 

1.999' 

+85 

358 

1.390 

-84 

386 

1.914 

+92 

359 

1.172 

-120/-128 

387 

1.840 

+93 

360 

0.701 

+1 

388 

1.659 

+94 

361 

0.727 

+13 

329 

■i.320 

+102 

312 

0.693 

+12 

389 

1.152 

+108 

362 

0.494 

+4 

390 

1.186 

+122 

363 

0.320 

+21 

391 

0.822 

+124 

324 

0.295 

+62 

392 

0.757 

+131 

366 

0.648 

+70 

393 

0.860 

+131 

367 

0.674 

+62 

394 

0.879 

+131 

336 

0.739 

+3 

395 

1.084 

+129 

369 

0.804 

+6 

396 

1.264 

+127 

370 

0.845 

+14 

397 

1.536 

+126 

372 

0.666 

-31 

398 

1.783 

+123 

373 

0.471 

-32 

399 

1.896 

+119 

348 

0.216 

+16 

341 

2.099 

+115 

374 

0.135 

+30 

400 

2.304 

+112 

375 

0.226 

+68 

401 

2.761 

+108 

376 

0.330 

+67 

402 

2.943 

+103 

377 

0.393 

+43 

403 

3.233 

+98 

378 

0.459 

+16 

404 

3.276 

+96 

300 

0.674 

+1 

405 

3.419 

+90 

379 

3.ose 

+64 

407 

2.734 

+68 

380 

3.029 

+62 

408 

2.576 

+68 

381 

2.795 

+67 

409 

2.158 

+68 

382 

2.518 

+71 

410 

1.970 

+61 
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Station 

Voltage 

(RMS) 

V 

Phase 

Angle 

0 

Station 

Voltage 

(RMS) 

Phase 

Angle 

0 

353 

2.301 

+50 

441 

0.562 

+140 

411 

2.321 

+42 

442 

0.877 

+158 

412 

2.271 

+29 

443 

0.872 

+139 

413 

2.236 

+32 

444 

0.736 

+129 

414 

2.037 

+43 

445 

0.622 

+144 

415 

1.932 

+51 

366 

0.607 

+62 

416 

1.945 

+57 

446 

,1.017 

+132 

417 

2.038 

+56 

447 

1.412 

+140 

418 

2.176 

+63 

394 

0.884 

+131 

419 

2.320 

+65 

448 

2.101 

-30 

420 

2.523 

+66 

449 

2.225 

-31 

421 

2.738 

+64 

450 

0.089 

+96 

305 

2.879 

+61 

451 

0.596 

+40 

422 

0.623 

+142 

452 

2.361 

+90 

423 

0.659 

+103 

405 

3.279 

+90 

424 

0.399 

+88 

453 

1.727 

+66 

425 

0.239 

+86 

454 

2.305 

-72 

426 

0.167 

+93 

455 

0.866 

-92 

427 

0.039 

+106 

376 

0.310 

+49 

428 

0.045 

-173 

456 

0.712 

+92 

429 

0.040 

+138 

457 

1.849 

+72 

430 

0.040 

+134 

416 

2.073 

+54 

431 

0.036 

+166 

458 

2.651 

+8 

432 

0.044 

-178 

459 

2.649 

-58 

433 

0.040 

-150 

460 

1.395 

-148 

434 

0.050 

-136 

461 

2.339 

-93 

435 

0.031 

-74 

462 

1.929 

-90 

436 

0.023 

-97 

321 

1.529 

-74 

437 

0.152 

-58 

463 

1.819 

-70 

438 

0.110 

+36 

464 

2.035 

-58 

439 

0.497 

+100 

333 

1.724 

-58 

440 

0,429 

+98 

465 

1.920 

-35 
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Voltage 

Phase 

Voltage 

Phase 

(RMS) 

Angle 

(RMS) 

Angle 

Station 

V 

0 

Station 

V 

0 

466 

2.056 

-30 

510 

0.111 

+168 

449 

1.802 

-44 

511 

0.367 

+176 

467 

1.738 

-38 

512 

0.409 

-180 

468 

1.973 

-37 

513 

0.392 

-168 

345 

2.023 

-43 

514 

0.097 

+4 

454 

2.320 

-67 

515 

0.605 

-24 

357 

1.671 

-45 

516 

0.469 

-30 

459 

2.619 

-57 

517 

0.093 

+30 

309 

2.368 

-80 

518 

0.269 

+10 

659 

0.104 

-134 

577 

0.279 

+2 

660 

0.257 

-176 

578 

0.185 

+70 

661 

0.245 

-150 

579 

0.139 

-26 

662 

0.243 

+160 

560 

0.157 

-171 

663 

0.169 

-65 

581 

0.027 

-97 

664 

0.141 

+75 

582 

0.216 

-43 

665 

0.058 

+138 

583 

0.428 

-29 

666 

0.031 

-55 

584 

0.776 

-142 

671 

0.227 

-156 

585 

0.285 

-108 

672 

0.255 

+164 

586 

0.918 

-65 

673 

0.084 

+150 

587 

0.355 

+l 

674 

0.088 

-145 

588 

1.730 

+38 

675 

0.242 

-76 

589 

0.461 

+13 

676 

0.156 

-100 

591 

0.386 

-62 

500 

2.412 

-145 

592 

0.051 

+147 

501 

5.279 

-49 

593 

0.267 

+97 

502 

1.013 

-47 

594 

0.709 

-32 

503 

0.586 

+40 

595 

0.642 

+161 

504 

0.533 

+10 

597 

0.307 

+55 

505 

0.494 

-59 

598 

0.325 

-40 

506 

0.775 

+1 

599 

0.155 

-127 

507 

0.086 

+62 

508 

0.313 

-62 

509 

0.175 

-102 
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FLIGHT  ELECT.  MODES 


Test  Series  5-15-73 

Speaker;  Type  Utah  8" , Location  Fwd  Slots  . Voltage  8 (RMS) 

Date  from  ACC  No. 


Motor  Pressure  53 Phase  Eet  Station 300 


» 


Frequency  Variable  Established  at  Station  300 


Voltage 

Phase 

Voltage 

Phase 

(BMS) 

Angle 

(RMS) 

Angle 

ation 

V 

0 

Station 

V 

0 

300 

0.026 

+5 

300 

0.446 

+3 

578 

0.086 

-12 

578 

0.161 

+115 

580 

0.045 

-23 

530 

0.137 

+135 

581 

0.02 

-140 

S 581 

0.046. 

-42 

583 

0.099 

-8 

« 583 

0.86 

+12 

584 

0.21 

-10 

i 584 

0.87 

+16 

585 

0.83 

-28 

585 

2.659 

-152 

586 

0.135 

-12 

586 

0.679 

+6 

587 

0.27 

-44 

587 

2.93 

-180 

588 

0.65 

-28 

588 

0.899 

+90 

300 

0.011 

+40 

300 

0.176 

+11 

578 

0.01 

-105 

578 

0.079 

+75 

580 

0.01 

-85 

580 

0.055 

-94 

581 

0.011 

-97 

ov  581 

0.15 

-95 

583 

0.163 

-110 

§ 583 

0.126 

+40 

584 

0.67 

+100 

;i  584 

0.30 

+40 

585 

1.46 

+67 

4.  585 

2.5 

+77 

586 

2.50 

+55 

586 

0.32 

-90 

587 

0.076 

+73 

587 

1.25 

+75 

588 

1.31 

-112 

588 

1.56 

-109 

300 

0.443 

+5 

578 

0.265 

+61 

580 

0.1 

-145 

581 

0.216 

-138 

583 

0.413 

+21 

584 

0.168 

+5 

585 

0.775 

-125 

586 

0.031 

+60 

587 

0.89 

-146 

588 

0.147 

-170 
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EVALUATION  OF  THE  BASELINE  MOTOR  ANALYSIS 
TASK  V FINAL  REPORT 
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HSRCULfiS  INCORPORATliD 

industrial  S''STEJtS  DERARTMtNT  • SYSTEMS  GROUP 
P.O.  rOX  MAGNA.  UTAH  *4044  • T E L EPH  ON  E:  2 9 7-5  9 1 1 


8 January  1975 


In  Reply  Refer  To: 
0025/6/40-4680 


Mr.  W.  Andrepont/DYSC 

Air  Force  Rocket  Propulsion  Laboratory 

Edwards  Air  Force  Base,  California  93523 

Subject:  Contract  No.  F04611-73-C-0025 

Dear  Sir: 

The  Task  V final  report  for  the  subject  contract  is  enclosed.  This 
report  provides  an  evaluation  of  the  Phase  I work  and  summarizes  most  of 
the  progress  made  to  date  on  the  component  vibration  program. 

Very  truly  yours, 


.■M 

S.  C.  Brdwning,  Mana'^er 
Product  Engineering 


SCB/FRJensen/pj 


Enclosures 


EVALUATION  OF  THE  BASELINE  MOTOR  ANALYSIS 
TASK  5 FINAL  REPORT 
RPL  CONTRACT  F04611-73-C-0025 
COMPONENT  VIBRATION  PROGRAM 


I,  INTRODUCnON 

The  intent  of  Phase  I of  the  Component  Vibration  Program  was  to  produce 
a detailed  full-blown  dynamic  structural  analysis  of  a complete  rocket  motor. 
The  analysis  was  to  have  been  as  detailed  and  as  complete  as  present  state- 
of-the-art  techniques  would  allow.  The  purpose  of  the  detailed  analysis  was 
to  provide  a baseline  for  judging  modeling  simplifications  to  be  studied  later 
in  the  program.  However,  as  the  work  progressed,  it  was  realized  that  even 
this  detailed  state-of-the-art  model  would  necessarily  contain  soma  significant 
simplifications  and  modeling  compromises.  In  the  presoc  program,  the  study 
on  modeling  simplifications,  (Phase  II),  has  been  modified  to  include  a study 
of  some  characteristics  of  the  refined  model,  (e.g.  the  grain  grid  refinement 
study  and  the  scalar  spring  study). 

Phase  I consists  of  five  tasks.  In  Task  1,  the  Poseidon  C-3  second  stage 
motor  was  selected  as  the  baseline  motor  to  be  analyzed.  Acoustic  modes  and 
associated  natural  frequencies  for  the  Poseidon  motor  were  defined  in  Task  2, 

In  Task  3,  a detailed  structural  dynamics  analysis  was  conducted  on  the  base- 
line motor.  Task  4 was  an  experimental  task  designed  to  collect  data  which 
could  be  used  to  evaluate  the  detailed  structural  analysis.  Task  5 gives  an 
evaluation  of  the  Phase  I detailed  structural  dynamics  analysis. 

At  the  beginning  of  this  program,  NASTRAN  level  15  was  specified  as 
the  state-of-the-art  tool  to  be  used  in  the  structural  analyses.  The  size 
and  complexity  of  the  finite  element  models  required  to  analyze  a rocket 
motor,  complete  with  components,  are  the  features  that  distinguish  this 
analysis  problem  irom  routine  structural  dynamics  analyses.  Initially,  the 
problem  was  to  be  divided  into  several  smaller  substructures  and  the  modal 
synthesis  method  used  to  obtain  a total  structure  solution.  The  modal  synthesis 
approach  was  found  to  have  the  following  three  disadvantages: 

a)  The  size  of  a particular  substructure  was  limited  to  about 
300  degrees-of-freedom  by  the  practical  limit  on  the  size 
of  problem  that  can  be  handled  by  the  Given's  eigenvalue 
extraction  routine  in  NASTRAN. 

b)  A satisfactory  way  for  handling  the  frequency  dependent 
grain  modulus  was  not  available. 

c)  The  modal  synthesis  approach  was  not  automated  on  NASTRAN 
and  soma  time  would  have  been  required  for  development  of 
appropriate  DMAP  instructions. 
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At  the  suggestion  of  RPL,  «n  alternate  approach  was  investigated,  'flie 
alternate  approach  consisted  of  using  a cyclic  symmetric  finite  element  model 
to  represent  the  motor  proper  and  using  the  mechanical  impedance  method  to 
account  for  the  components  in  a frequency  response  analysis  of  the  total 
motor.  This  approach  was  found  to  have  the  following  three  disadvantages: 

a)  The  natural  frequencies  and  node  shapes  for  the  structure 
are  not  determined  when  frequency  response  analyses  are 
performed. 

b)  A major  change  to  the  basic  NASTRAU  program  would  be  required 
to  incorporate  the  capability  to  analyze  cyclic  symmetric 
structures  in  the  Frequency  Response  rigid  format. 

c)  f ome  tine  would  be  required  to  develop  DMAP  instructions  to 

mplement  the  mechanical  Impedance  approach  on  NASTRAN. 

Weighing  the  pros  and  cons  of  each  approach,  the  decision  was  made  to  employ 
the  cyclic  symmetry-mechanical  Impedance  approach.  The  inability  of  modal 
synthesis  to  handle  the  frequency  dependent  grain  and  the  more  involved  DMAP 
instructions  that  would  be  required  are  the  major  factors  upon  which  the 
decision  was  based.  The  MacNeal-Schwendler  Corporation  was  hired  to  make 
the  necessary  changes  to  MASTRAM.^ 

The  cyclic  sysaietry  approach  was  used  in  Task  3 to  analyze  the  complete 
motor  at  eight  different  frequencies.  To  evaluate  these  analyses,  results 
have  been  compared  with  data  from  static  motor  firings.  In  addition,  ex- 
perimental results  from  Task  q have  been  used  to  evaluate  the  structural 
dynamics  analyses.  Details  of  these  evaluations  and  a discussion  on  the 
applicability  of  preliminary  established  error  limits  are  included  in  this 
Task  5 report. 


II.  STRUCTURAL  DYNAMICS  ANALYSIS  APPROACH 

Two  different  finite  element  models,  representing  the  clean  motor,  (no 
asymmetric  components  attached),  at  two  different  burn  times,  were  analyzed 
using  the  NASTRAN  program.  The  two  models  represent  burn  timeH  of  zero 
and  4.0  seconds.  The  burn  times,  frequencies,  and  mode  shapes  used  in  the 
analyses  are  shown  below  in  Table  I. 

TABLE  I 

MOTOR  CONFIGURATIONS  AND  CONDITIONS  USED 
IN  THE  TASK  III  STRUCTURAL  DYNAMICS  ANALYSES 


Analysis 

Mode 

Identification 

Burn 

Frequency 

(L  * Longitudinal) 

Number 

Time  (sec.) 

(Hz) 

(T  “ Tangential) 

Comments 

1 

0.0 

265. 

" 1 

1 Cold  gas  modes  selected 
> to  match  Task  4 experimenfc 

2 

0.0 

365. 

J 

) conditions . 

3 

0.0 

668. 

Tl  \ 

/Hot  gas  modes  selected 

4 

0.0 

770. 

" 1 

kto  match  static  firing 

5 

0.0 

1327. 

T3  = L2  + tJ 

^ test  conditions . 

6 

4.0 

281. 

Ll 

Hot  gas,  advanced  bum  (^i^ 

7 

4.0 

365. 

L4 

Cold  gas,  selected  for  comn 
pari son  with  2 above.  | 

8 

4.0 

634. 

Tl 

Hot  gas,  advanced  burn  tiaiB 

J 

The  finite  element  grids  used  for  both  zero  and  advanced  burn  times  have 
been  shown  in  previous  monthly  reports,  (sec  References  1 and  2).  Either  grid 
represents  a 1/24  section  slice  of  the  total  motor.  Therefore,  using  a cyclic 
symmetry  analysis,  the  effective  circumferential  grid  refinement  is  a longi- 
tudinal-radial plane  of  nodes  every  15°  around  the  motor  circumference.  The 
most  important  nodes  in  the  model  are  the  nodes  where  the  components  are 
attached.  With  a node  every  15°  around  the  circumference  of  the  aft  adapter 
ring,  the  nodes  nearest  to  actual  component  connection  points  were  selected 
to  represent  the  connection  points.  The  nodes  that  represent  the  component 
connection  points  are  shown  in  Figure  1 together  with  a sketch  of  the  aft 
dome  components. 

As  indicated  in  Table  I,  some  analyses  were  conducted  with  cold  gas  modes 
and  others  were  conducted  with  hot  gas  modes.  A particular  mode  will  occur  in 
cold  gas  at  a different  frequency  than  the  corresponding  mode  in  hot  gas  because 
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of  the  difference  in  the  speeds  of  sound..  For  exaiaple,  the-  third  longi- 
.tudisel  mode  occurs  at  265  Hz  with-  cold  gas,  (room  temperature-  Nitrogen), 
and  at  7 TO  Hz  in  the  hot  combustion  gases  during  a firing..  Two  cold  gas 
modes,  and  L4  at  265  and  365  Hr  respectively,  were  included  in-  the 
cnalyses  to  provide  results  for  comparison  with  the  cold-  gas  tests  that -were  , 
performed  in  Task  4 using  an  inert  motor.  The  365  Hz  .analysis,  using  ii4'was 

conducted  on  both  the  zero  burn  time  model  and  the  advanced  burn  time  model 

so  that  the  effect  of  burn  time  on  results  could  be  assessed.  The  other 
five  analyses  were  conducted  with  hot  gas  modes  to  provide  results  for  com- 
parison with  static  firing  data. 

Application  of  the  Mechanical  Impedance  Method  to  this  particular 
pocket  motor  analysis  was  discussed  in  References  3 and  4.  The  equations 
given  in- References  3 and  4 are  in  terms  of  forces,  velocities,  impedance 
•matrices,  and  admittance  Mtrices.  As  a matter  of  convenience,  the  problem 
was  solved  in  terms  of  displacements  rather  than  velocities.  Adopting  the 
terrairiology  used-  in  Reference  5,  receptance  matrices  replace  admittance 
matrices  and  inverse  receptance  matrices  replace  impedance  matrices  when 
displacemer;ts  are  used  in  place  of  velocities.  If  Rm  is  the 

receptance  matrix  for  the  motor,  and  Rc  is  the  set  of  matrices  representing 

component  receptances,  then  the  equation  that  is  solved  can  ^ written: 

[Ut]  = [I  + Rm  Rc^]"^  {UJ  (1) 

t 

The  identity  matrix  is  denoted  I.  The  displacements  at  the  component  con- 
nection points  resulting  from  pressure  mode  loading  with  no  components  at- 
tached, is  denoted  Uq.  Then,  is  the  total  displacement  vector  calculated 
to  represent  the  response  of  the  motor  (including  components)  ad  the  component 
connection  points.  For  the  compbncnt  connection  points  shown  in  Figure  1, 
has  42  rows. 

The  receptance  matrices  are  formed  by  applying  a unit  force  at  one 
coordinate  while  all  other  forces  are  zero.  The  displacements  at  all  component 
connection  coordinates  then  form  a column  in  the  receptance  matrix  according 
to  the  equation: 

{U}  =■  [R]  {F}  (2) 

i 

Solution  of  equation  (1)  results  in  displacements  only  at  component 
connection  points.  Soma  data  recovery  operations  are  necessary  if  displace- 
ments at  other  points  are  desired.  If  displacements  at  coordinates  are 
desired,  after  U.j<  has  been  obtained,  then  equation  (2)  can  be  partitioned  and 
solved  for  Ug: 


jui' 

• 

Re 
• , 

{Uj  - [Re]  [F]  (3) 

In  equation  (3),  is  part  of  the  receptance  matrix  that  corresponds  to  the 
extra  coordinates  Ug.  The  Rg  matrix  can  be  formed  at  the  same  time  as  the  R 
matrix.  The  forces  F must  include  both  the  pressure  loading  and  the  inter- 
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connection  forces.  The  most  convenient  way  to  get  Ue  is  to  superimpose 
(Ue)o  from  the  pressure  load  with  (Ug)i  resulting  from  the  interconnection 
forces.  Once  the  interconnection  displacements,  Ux,  are  obtained  from  (1), 
the  interconnection  forces  can  be  determined  from: 

[Fi]  = W 

Then,  superimposing:  {Ug}  = {Ue}^  + [Re][Rc“^‘j{UT] 

Equation  (5)  defines  the  data  recovery  operations  required  to  obtain  displace- 
ments at  points  other  than  the  component  connection  points. 
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III.  STRUCTURAL  DYNAMICS  ANALYSIS  RESULTS 


Acceleroneters  mounted  on  the  aft  adapter  ring  during  static  firing 
measure  accelerations  in  the  longitudinal  direction.  Nodal  acceleratiohs 
at  the  component  connection  points  in  the  longitudinal  direction  are  listed 
in  Table  II.  The  nodal  accelerations  were  obtained  by  multiplying  appropriate 
displacements  from  Uj  by  (uD^/g)  where  w is  the  circular  frequency.  The  listed 
accelerations  represent  the  response  of  the  motor  to  an  acoustic  pressure  mode 
with  maximum  pressure  amplitude  of  + 1.0  psi. 

During  static  firing,  the  amplitude  of  the  pressure  oscillations  are 
measured  by  a Kistler  pressure  gage  with  a tap  through  the  forward  closure. 
Therefore,  it  is  convenient  to  normalize  the  analysis  results  for  a pressure 
mode  shape  of  unit  value  at  the  forward  closure.  The  third  longitudinal  mode 
(L3) , for  example,  has  a value  of  + 0.69  psi  at  the  forward  closure  when  the 
maximum  value  along  the  length  is  + 1.0  psi.  To  normalize  the  displacement 
amplitudes  for  a unit  pressure  at  the  forward  closure,  calculated  values  for 
L3  are  divided  by  0.69.  The  list  of  accelerations  that  have  been  normalized 
for  a unit  value  of  head  end  pressure  is  given  in  Table  III. 

In  order  to  plot  mode  shapes  from  the  analysis  results,  data  recovery 
calculations  were  performed  for  the  265  and  365  Hz  cold  gas  modes.  The  plotted 
mode  shapes  for  dome  deformations  have  been  included  in  previous  monthly 
reports,  (see  References  2,  6,  and  7).  Since  data  recovery  was  not  performed 
for  hot  gas  modes,  the  only  forward  dome  response  available  is  from  the  cold 
gas  analyses.  Therefore,  accelerations  on  the  forward  adapter  and  the  forward 
closure  have  been  calculated  from  cold  gas  analyses  for  comparison  with  static 
firing  data.  The  forward  dome  accelerations  are  given  in  Table  IV.  Data  re- 
covery was  not  performed  for  hot  gas  modes  because  static  firings  do  not  furnish 
sufficient  data  for  plotting  of  mode  shapes. 

The  locations  of  points  9 and  21,  referred  to  in  Table  IV,  are  shown  in 
the  mode  shape  plot  given  in  Reference  7.  Point  9 is  near  the  center  of  the 
forward  closure.  Point  (node)  21  is  on  the  forward  adapter  ring. 

An  eigenvalue  solution  was  obtained  for  the  Flight  Electronics  Unit  with 
connection  nodes  constrained  to  zero  displacement.  The  first  eight  natural 
modes  are  plotted  in  Reference  7. 


IV.  ANALYSIS  EVALUATION 


The  finite  element  models  analyzed  with  NASTRAN  have  been  constructed  . 
to  represent  a typical  S/S  Poseidon  motor.  The  extent  to  which  the  models 
actually  do  represent  a motor  is  the  subject  of  this  evaluation.  A quanti- 
tative measure  of  the  extent  to  which  model  results  agree  with  motor  results 
is  obtained  by  applying  previously  established  error  limits  as  reported  in 
Reference  8. 

The  analysis  approach  selected  for  this  program  consists  of  performing 
frequency  response  analyses  on  the  motor.  To  perform  an  analysis,  a set  of 
in-phase  steady-state  forces  are  applied  to  the  motor  at  a particular  fre- 
quency. The  motor  structure  responds  at  the  forcing  frequency.  The  fre- 
quencies are  selected  to  coincide  with  acoustic  cavity  natural  frequencies,, 
not  structural  natural  frequencies.  Therefore,  it  is  the  accuracy  of  the 
response  of  the  structure  at  non-resonant  frequencies  that  is  at  question. 

There  are  three  main  factors  that  effect  the  accuracy  obtained  with 
a finite  element  model:  1)  the  mass  distribution,  2)  the  stiffness  distri- 
bution, and  3)  the  damping  distribution.  A relatively  accurate  mass  dis- 
tribution is  probably  easiest  to  obtain  because  motor  volume  is  fairly  easy 
to  model,  and  material  densities  are  easily  measured  and  well  known.  Ob- 
taining an  accurate  stiffness  distribution  for  a complicated  structure  can 
be  difficult.  Some  of  the  factors  that  contribute  to  the  difficulty  in 
obtaining  an  accurate  stiffness  model  are  the  following: 

1)  The  ease  material  is  orthotropic. 

2)  The  grain  is  viscoelastic, 

3)  The  gases  in  the  dome  cavities  must  be  considered. 

4)  Stiffnesses  of  joints  such  as  the  Y-joint  and  the 

elastomeric  joint  and  stiffnesses  at  material  inter- 

faces such  as  between  dome  and  adapter,  are  difficult 
to  model. 

5)  Stiffnesses  at  bolted  connections  are  difficult  to 
model  because  of  possible  slippage  and  effects  of 
bolt  preload. 

The  damping  distribution  required  for  accurate  modeling  is  also  difficult  to 
determine.  Using  NASTRAN,  only  equivalent  viscous  damping  may  be  input.  For 
the  rocket  motor  model,  the  propellant  grain  provides  the  major  damping  forces. 
The  grain  damping  is  input  as  a function  of  frequency  as  determined  from  dynamic 
complex  modulus  material  tests. 

Errors  or  inaccuracies  in  the  mass  or  stiffness  modeling  can  result  in 
errors  in  the  natural  frequencies  and  the  shapes  of  the  individual  modes. 

Errors  in  the  damping  modeling  should  affect  mainly  the  accuracy  of  the  ampli- 
tude of  response  but  should  have  a negligible  effect  on  the  natural  frequencies 


and  mode  shapes.  In  general,  a finite  element  model  can  be  expected  to 
perform  best  at  the  lower  frequencies,  becoming  more  inaccurate  as  the 
excitation  frequency  is  increased. 

When’  the  clean  motor  model  was  constructed,  the  mass  of  the  model  was 
compared  with  the  mass  of  the  motor  and  adjustments  were  made  until  good 
agreement  was  obtained.  The  stiffness  of  the  model  was  checked  by  applying 
a static  uniform  pressure  in  the  combustion  cavity  and  comparing  dome  dis- 
placements with  hydrotest  data.  Again,  adjustments  were  made  until  good 
agreement  was  obtained  between  the  hydrotest  and  static  pressure  analysis; 

Next,  the  L3  and  L4  longitudinal  acoustic  pressure  modes  were  applied 
to  the  motor  so  that  mode  shapes  could  be  compared  with  data  from  the  Task  4 
testing  program,  (see  References  9 and  10  for  a description  of  the  testing 
program  and  testing  results).  Calculated  and  measured  mode  shapes  for  the 
forward  and  aft  domes  are  compared  in  References  2,  6,  and  7.  The  eight  mode 
plots  in  Reference  2 have  been  normalized  so  that  the  maximum  deformation  for 
any  particular  mode  is  unity.  Figure  1 of  Reference  2 shows  that  both  calcu- 
lated and  measured  mode  shapes  have  a bulge  along  the  dome  for  the  365  Hz  L4 
excitation.  However,  the  bulges  occur  at  different  points  along  the  dome  for 
the  two  inode  shapes  and  the  mode  amplitudes  at  the  aft  adapter  are  significantly 
different.  Figures  2,  3,  and  4 of  Reference  2 show  similar  agreement  between 
measured  and  calculated  mode  shapes  at  different  locations  around  the  motor 
circumference.  The  conclusion  is  that  measured  and  calculated  mode  shapes, 
although  somewhat  similar  do  not 'generally  agree  well.  The  same  conclusion 
holds  for  Figures  5 through  8 of  Reference  2,  the  mode  shapes  for  the  265  Hz 
L3  excitation,  and  for  the  forward  dome  mode  shapes  shown  in  Figures  1 and  2 
of  Reference  7.  Some  possible  rdasons  why  better  agreement  is  not  obtained 
are: 

(1)  The  model  may  be  responding  in  a similar  but  basically 
different  mode  than  was  observed  in  the  test,  A small 
frequency  shift  might  excite  the  similar  mode. 

(2)  The  model  stiffness  distribution  may  be  too  inaccurate  near 
the  area  of  the  bulge  in  the  measured  mode  shape, 

(3)  The  scalar  springs  used  in  the  donus  cavity  of  the  model  may 
not  be  providing  the  same  dome  excitation  as  the  actual  dome 
cavity  pressure  distribution  that  existed  during  the  test. 

Item  (3)  will  be  investigated  in  Task  VII. 

* 

I 

Some  other  mode  shapes  of  interest  are  those  for  the  Flight  Electronics 
Unit  shown  in  Figures  3 through  6 in  Reference  7.  Extra  effort  was  expended 
in  modeling  the  Flight  Electronics  Unit  in  an  attempt  to  match  some  of  the 
natural  frequencies  and  mode  shapes  that  were  measured  in  the  Task  4 testing. 

The  basic  cantilever  mode  shown  in  Figure  3 of  Reference  7 occurs  at  108.9  Hz 
in  the  model.  The  test  data  shown  on  page  C25  of  Reference  10  indicates  a 
frequency  of  104  Hz  for  the  same  basic  mode.  The  model  was  adjusted  to  give 
this  good  agreement.  The  second  mode  is  also  in  fairly  good  agreement.  The 
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data  in  Reference  10,  page  C25,  indicates  that  the  second  mode  occurs  at 
134  Hz  and  consists  of  a side-to-side  swaying  motion  coupled  with  a twisting  5 
mode  (one  side  up  and  one  side  down)  of  smaller  amplitude;  The  side-to-side  ^ 
swaying  mode  shown  in  Figure  3 of  Reference  7 occurs  at  140.8  Hz.  The  next 
mode  shown  in  the  test  data  has  a frequency  of  269  Hz.  The  corresponding  mode 
shape  appears  to  be  a twisting  mode  coupled  with  other  motions.  The  analysis  i 
produced  a third  mode  at  268.2  Hz  and  a corresponding  twisting  mode  shape. 

Notice  that  frequencies  higher  than  the  third  natural  fre._uency  have  associated 
mode  shapes  that  consist  of  local  structural  deformation  as  opposed  to  the 
general  overall  bending,  swaying,  or  twisting  motions  of  the  first  three  modes, 
(see  Figures  3 through  6,  Reference  7).  No  attempt  was  made  to  accurately 
model  the  detailed  package  that  is  mounted  on  the  basic  frame  structure.  Such 
a detailed  model  would  have  required  too  much  time.  Therefore,  the  modes  that 
consist  of  significant  local  structural  deformation,  such  as  mode  4,  (Refer-  : 
ence  7),  cannot  possibly  be  representative.  The  part  that  is  deforming  does 
not  model,  or  represent,  anything  on  the  actual  structure.  It  thus  appears 
that  300  Hz  is  about  the  upper  limit  for  the  validity  of  the  Flight  Electronics 
Unit  model.  Time  was  not  available  to  study  the  Hydraulic  Power  Unit  and  Gas 
Generator  models  to  estimate  an  upper  limit  frequency,  however,  300  Hz  should 
be  a good  estimate.  , 

The  final  comparisons  to  be  made  are  those  between  analysis  results  and  ‘ 
static  firing  data.  Tables  III  and  IV  contain  the  significant  analysis  results. 
Table  IV  shows  that  the  response  to  the  symmetric  L3  and  L4  modes  is  quite 
symmetric  around  the  circumference  of  the  motor.  Thus  the  asymmetrically 
mounted  components  on  the  aft  dome  appear  to  have  little  effect  on  the  sym- 
metry of  response  at  the  forward  dome. 

Reference  11  is  a report  on  analysis  of  static  firing  data.  Data  from 
three  motors  that  were  static  fired  with  components  attached  has  been  analyzed 
and  is  presented  in  a format  selected  to  facilitate  comparisons  with  analysis  i 
data. 


As  mentioned  earlier,  the  analysis  procedure  only  yields  accelerations 
of  the  component  connection  points,  all  of  which  are  located  on  the  aft  adapter, 
(refer  to  Figure  1).  During  the  static  firings,  only  two  accelerometers  were 
mounted  on  the  aft  adapter  rii'.g.  Figures  2,  3,  and  4 in  Reference  11  show  the 
locations  of  longitudinal  aft  adapter  accelerometers  AC-250  and  AC-261.  AC-250  , 

is  near  component  connection  point  0.  and  AC-261  is  near  component  connection  ; 
point  (see  Figure  1).  The  comparisons  between  analysis  results  and  static 

firing  data,  at  the  two  points  that  coincide,  are  given  in  Table  V.  < 

To  apply  the  error  limits  that  were  established  in  Task  1,  the  calculated 
values  are  multiplied  by  a factor  and  compared  with  the  static  test  data.  For 
convenient  reference,  the  table  of  values  from  Reference  8 is  reproduced  below: 

Confidence  Level  Error  Limits 

957,  r < 1.94  m 

997.  r < 2.36  m 

99.877,  r<  2.71m 


In  the  above  table,  m is  the  calculated  response  and  r is  the  measured  (ac 
celerometer)  response. 


Table  VI  was  -generated  using  the  1.94  factor  that  corresponds  to  a confidence 
level  of  95%.  Comparing  the  values  in  Table  VI,  it  is  seen  that  the 
accelerometer  data  exceeds  the  error  limits  at  281  Hz  and  at  1327  Hz.  Using 
the  highest  confidence  level  of  99.8%  cures  the  problem  at  1327  Hz.  How- 
ever, the  error  at  281  Hz  is  nearly  two  orders  of  magnitude,  a calculated 
response  of  0.29  g's/psi,  compared  to  a measured  level  of  23.38  g's/psi. 

The  possibility  of  an  error  in  the  static  firing  data  was  considered,  how- 
ever, the  high  response  level  measured  at  281  Hz  at  three  locations  on  the 
same  motor  (SP-0149) , gives  added  confidence  that  the  static  firing  data 
is  vali'^  (see  Table  I in  Reference  11).  On  the  other  hand,  no  high  response 
level  was  measured  at  281  Hz  for  motors  SP-0131  and  SP -0160.  Further 
investigation  is  needed. 


V. 


CONCLUSIONS 


Mode  shape  comparisons  for  the  low  frequency  265  and  365  Hz  analyses  ^ 

showed  only  medium-good  to  medium-poor  agreement.  However,  the  agreement 
achieved  is  believed  to  be  typical  of  that  to  be  expected  from  an  analysis 
of  this  type.  Reasonable  care  was  exercised  in  the  construction  of  the  model 
and  a relatively  refined  grid  was  used.  The  grid  had  about  1000  degrees-of- 
freedom  per  slice  which  is  equivalent  to  a total  motor  model  having  12,000 
degrees-of “freedom,  or  more  if  the  components  are  included,  in  the  total. 

The  Flight  Electronics  Unit  model  was  judged  to  be  inaccurate  above 
300  Hz.  But,  in  spite  of  the  poor  mode  shape  agreement  and  the  limited  capa- 
bility of  the  component  models,  relatively  good  agreement  with  static  firing 
data  was  achieved  up  to  1327  Hz.  If  the  calculated  values  are  multiplied  by  » 

a factor  of  2.0,  (1.94  was  used  above),  they  apparently  become  reasonably 
good  estimates  of  the  maximum  accelerometer  response.  However,  the  use  of 
only  3 motors  does  not  provide  a good  statistical  evaluation  of  the  2.0  factor. 

It  would  be  desirable  to  have  a larger  data  base.  One  problem  in  obtaining 
more  data  is  that  motors  are  not  routinely  static  fired  with  all  components 
attached. 

Another  problem  appears  to  be  that  of  missing  a structural  mode.  The 
difference  in  the  model  response  and  the  motor  response  at  281  Hz  cannot  be 
attributed  to  statistical  variation.  There  appears  to  be  three  possibilities 
that  warrant  further  investigations: 

1)  The  model  may  contain  the  mode  that  yields  the  high  response, 
but  a small  shift  in  frequency  away  from  281  Hz  may  be  necessary 
to  excite  it, 

2)  Due  to  shortcomings  of  the  model,  it  may  not  be  capable  of  modeling 
the  high  response  mode. 

3)  The  test  data  may  be  in  error. 

The  work  of  Task  VII  is  expected  to  give  additional  insight  into  the  behavior 
the  detailed  motor  model.  Therefore,  conclusions  made  here  will  be  reviewed  and 
modified  or  updated,  if  necessary,  based  on  Task  VII  results. 
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TABLE  II 


NC©AL  ACCELERATiaJS  IN  THE  LONGITUDINAL  DIRECTION 
FOR  THE  COMPONENT- CONNECnON.  NODES  FROM 

EIGHT  FINITE  ELEMENT  ANALYSES  (Poseidon  .S/S  C-3) 


Analysis  LonEitudinal  Nodal  Accelerations 

Identification  Frequency  Component  Connection  Point  (See  Figure  1) 
Number  fHz)  - 1 3 4 5,68.9 


0.921 

0.949 

1.342 

' 1.140 

0.691 

0.685 

■ 0.695 

0.657 

0.676 

0.708 

0.726 

0.665 

1.231 

5.102 

4.080 

4.049 

3.213 

2.706 

1.095 

1.388 

1.129 

0.531 

0.846 

0.636 

0.538 

1.643 

1.653 

1.917 

0.412 

0.889 

0.264- 

0.749 

0.527 

0.325 

0.289 

0.445 

0.751 

0.765 

0.777 

0.748 

0.806 

0.815 

0.468 

2.092 

1.220 

3.047 

1.534 

1.940 

TABLE  III 

NODAL  ACCELERATIONS  OF  TABLE  II  CORRECTED 
FOR  A UNIT  VALUE  OF  HEAD  END  PRESSURE 


Analysis 


mmm 

1 3 ^ ^ 

5 

6 

8 

265 

1.48 

1.33 

1.38 

1.94 

1.65 

1.00 

365 

0.66 

,0.76 

0.72 

0.74 

0.78 

0.80 

668 

4.53 

1.23 

5.10 

4.08 

4.05 

3.21 

770 

2.52 

1.59 

2.01 

1.64 

0.77 

1.23 

1327 

1.50 

0.88 

2.69 

2.71 

3.14 

0.68 

281 

0.69 

0.26 

0.75 

0.53 

0.32 

0.29 

365 

0.76 

0.83 

0.84 

0.85 

0.82 

0.89 

634 

2.65 

0.47 

2.09 

1.22 

3.05 

1.53 

TABLE  IV  .r: 

NODAL  ACCELERATIONS  FOR  TWO  NODES  0 

ON  THE  FORWARD  DOME  ’ 


Node 

Direction 

Circumferential 

Location 

Calculated 

Accelerations 

(g's)(f=265Hz) 

Corrected* 

Accelerations 

(g's)(f=265Hz) 

Calculated 

Accelerations 

(g's)(f=365Hz) 

Corrected* 

Accelerations 

(g's)(f=365Hz) 

9 

Z 

0^ 

9.08 

13.17 

9.28 

10.20 

9 

Z 

900 

• 9.09 

13.17 

9.28 

10.20 

9 

Z 

1800 

9.08 

13.16 

9.28 

10.20 

9 

Z 

2700 

9.08 

13.16 

9.28 

10.20 

21 

R 

Oo 

0.67 

0.97 

0.62 

0.69 

21 

R 

900 

0.61 

0.89 

0.63 

0.69 

21 

R 

1800 

0.64 

0.92 

0.64 

0.70 

21 

R 

2700 

0.69 

1.00 

0.63. 

0.69 

21 

Z 

OO 

6.76 

9.79 

6.86 

7.54 

21 

Z 

900 

6.79 

9.84 

6.86 

21 

Z 

1800 

6.72 

9.74 

6.86 

7.54 

21 

Z 

2700 

6.63 

9.61 

6.86 

7.54 

*Corrected  accelerations  have  been  normalized  for  a 
unit  head  end  pressure 


COMPARISON  BETWEEN  STATIC  FIRING  DATA 
AND  NASTRAN  ANALYSIS  RESULTS 


Frequency  (Hz) 

Acceleration  Response  (a's/psi)  For  U.Tit  Head  End  Pressure  Ampl. 

Analysis  Results 
For  Point  Rl 

AC-250  Static 
Firing  Data 

Analysis  Results 
For  Point 

AC-261  Static 
Firing  Data 

281 

0.75 

0.29 

23,38 

634 

2.09 

1.45  to  3.14 

1.53 

1.71 

668/680* 

5.10 

1.57  to  3.05 

3.21 

0.79  to  2.43 

770 

2.01 

2.95 

1.23 

2.00 

1327 

2.69 

1.86  to  5.39 

0.68 

1.05  to  1.87 

*The  NASTRAN  analysis  was  conducted  at  668  Hz.  The  static  firing 
data  analysis  was  erroneously  conducted  at  680  Hz. 
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TABLE  VI 


EVALUATION  OF  ANALYSIS  RESULTS 
USING  ERROR  LIMIT  FACTOR  1.94 


Frequency  (Hz) 

1.94  X . 

ET 

AC-250 

1.94  X |[8j 

AC-261 

2<1 

1.46 

- 

.56 

23.38 

634 

4.05 

3.14 

2.97 

1.71 

668/680 

9.89 

3.05 

6.23 

2.43 

770 

3.90 

2.95 

2.39 

2.00 

1327 

5.22 

5.39 

1.32 

1.87 
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TASK  8 FINAL  REPORT 
MODELING  TECHNIQUES  EVALUATION 


I.  INTRODUCTION  < 

The  basic  objective  of  the  component  vibration  program,  (contract  3 

F04611-73-C-0025) , is  to  develop  simplified  techniques  for  structural  . 

dynamics  analyses  of  rocket  motors.  The  techniques  are  to  be  applicable  ; 

to  analyses  of  rocket  motors  performed  for  the  purpose  of  calculating  the  I 

response  of  attached  components  when  the  motor  is  undergoing  acoustic 
pressure  oscillations.  To  accomplish  the  program  objectives,  the  program 
is  subdivided  into  three  phases.  ) 

In  Phase  I,  a detailed  structural  dynamics  analysis  was  performed 
on  the  S/S  Poseidon  (C3)  motor.  The  S/S  Poseidon  motor  was  selected  to 
provide  baseline  data  for  use  in  evaluation  of  modeling  simplifications.  i 

The  objective  of  Phase  I was  to  provide  analysis  data  that  would  serve 
as  a standard  for  Judging  the  adequacy  and  accuracy  of  the  proposed  i 

modeling  simplifications.  Cold  gas  acoustics  testing  of  an  inert  motor  . 

to  determine  structural  response  was  included  in  the  Phase  1 work.  Results 
from  the  testing  program  were  used  to  evaluate  the  detailed  baseline  motor 
analysis.  The  work  of  Phase  1 was  reported  in  the  Task  5 final  report  for 
this  program. 

Original  plans  for  Phase  II  of  the  program  called  for  the  develop- 
ment  of  simplified  modeling  techniques.  As  the  program  progressed  through 
the  Phase  I work,  it  became  apparent  that  additional  study  of  the  charac-  ’ 

teristics  of  the  detailed  baseline  model  would  be  required  before  any 
reasonable  consideration  could  be  given  to  simplifications.  The  Phase  II 
work  thus  evolved  into  a study  of  some  important  characteristics  of  the 
detailed  model  used  in  Phase  1.  The  study  was  intended  to  result  in 
improvements  and  simplifications,  if  justified,  in  the  baseline  motor 
model,  and  in  a better  understanding  of  the  behavior  of  the  model.  Results 
from  the  Phase  II  modeling  techniques  studies  are  reported  and  evaluated  in 
this  Task  8 Final  Report. 

Phase  III  of  the  program  was  intended  as  a verification  of  proposed  | 

simplified  modeling  techniques.  Present  plans  call  for  an  analysis  of  the 
third  stage  Minuteman  III  motor  during  Phase  III,  Any  simplifications  or 
modeling  improvements  discovered  in  Phase  II  will  be  incorporated  in  the 
Phase  III  analyses. 

The  next  section  of  this  report  contains  a description  of  the  « 

general  approach  used  in  the  Phase  II  simplified  modeling  studies.  Three  ^ 

sections  are  then  devoted  to  the  three  main  modeling  concepts  which  were 
selected  by  the  AFRPL  from  a list  of  options  given  in  a Hercules  proposal. 

The  selected  options  were  incorporated  into  the  program  in  a recent  contract 
modification.  The  scaler  spring  study  is  Option  C,  the  course  grid  study  is 
Option  E,  and  the  half  motor  model  study  is  Option  G.  Sections  III,  IV,  and 
V of  this  report  cover  Opciuuw  G,  C,  and  E respectively.  Each  section  con- 
tains its  own  figures  and  conclusions. 
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II. 


GENERAL  APPROACH 


It  was  necessary  to  acquire  a good  understanding  of  the  behavior 
of  the  baseline  motor  model  before  considering  any  modeling  simplifica- 
tions. Answers  to  the  following  questions  were  sought: 

1)  How  refined  must  the  finite-element  grid  for  the  domes  be 
in  order  to  accurately  represent  mode  shapes  of  the  domes 
up  to  a particular  frequency?  The  refinement  in  both  the 
meridional  and  circumferential  directions  is  at  question. 

2)  How  refined  must  the  finite  element  grid  for  the  grain  be 
in  order  to  accurately  represent  grain  mode  shapes  over  a 
particular  frequency  range? 

3)  Is  it  necessary  to  accurately  represent  grain  mode  'shapes 

in  the  model  in  order  to  obtain  accurate  component  response? 

4)  What  role  do  the  scalar  springs  play  in  the  baseline  motor 
model?  (Scalar  springs  are  used  to  represent  combustion 
gases  in  the  dome  cavities  so  that  grain  motion  can'  be 
transmitted  through  the  gates  to  the 'domes.)  This  Includes 
determination  of  how  much  load  is  transmitted  through  the 
springs  and  determination  of  how  the  springs  restrict  or 
modify  dome  motion. 

5)  Are  response  modes  in  the  motor  uncoupled  to  the  extent 
that  sufficiently  accurate  component  response  can  be 
obtained  by  modeling  only  a portion  of  the  structure  such 
as  one  half  of  the  total  motor? 

6)  Are  motor  resonances  generally  broad  enough  (on  a frequency 
basis)  that  a small  error  in  frequency  will  not  be  critical, 
or  are  sharp  resonances  that  make  excitation  frequency  cri- 
tical generally  encountered? 

7)  Is  structural  response  very  sensitive  to  load  distribution, 
or  is  frequency  of  the  applied  loads  the  predominant  factor 
in  determining  response  amplitudes  and  in  determining  which 
natural  modes  participate  in  the  response  ? 

In  an  atv'’eapt  to  provide  answers  to  the  above  questions,  five  dif- 
ferent models  were  analyzed.  A full  motor  model,  a half  motor  model,  a 
half  grain  nv^del,  a full  grain  model,  and  an  aft  dome  model  were  each 
analyzed  separately.  The  NASTRAN  program  was  used  to  perform  static, 
real  eigenvalue,  direct  frequency  response,  and  model  frequency  response 
analyses.  The  aft  dome  model  and  half  grain  models  were  obtained  simply 
by  separating  the  half  motor  model  at  the  tf.ngent  line.  The  half  motor 
irxjdel  was  obtained  -from  the  full  motor  model.  The  grid  points  along  the 
cut  line,  (a  radial  line  approximately  at  the  motor  cepter) , were  reposi- 
tioned so  that  a smooth  cut  plane  would  form  one  boundary  of  the  half  motor 
model.  Other  than  the  grid  point  relocations,  the  half  motor  model  was 
exactly  the  same  as  the  aft  half  of  the  full  motor  model.  The  full  motor 
grain  model  was  obtained  by  removing  the  domes  from  the  full  motor  model. 

No  wedge  elements  were  used  in  any  of  the  grids. 
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The  analyses  were  kept  as  simple  as  possible  to  minimize  expenses. 
The  models  were  analyzed  without  using  cyclic  symmetry  and  without  the 
components  attached.  Each  model  consists  of  a slice  of  the  motor,  (for 
most  models  the  slice  has  an  included  angle  of  15°).  Since  cyclic  sym- 
metry was  not  used  to  obtain  the  general  three-dimensional  solution,  it 
was  necessary  to  use  symmetry  boundary  conditions  along  the  faces  of  each 
slice.  The  use  of  such  symmetry  boundary  conditions  resulted  in  a special 
set  of  solutions  that  were  valid  only  for  the  special  boundary  conditions. 
The  models  used  were  thus  similar  to  axisymmetric  models.  The  limited 
solutions  obtained  by  not  using  cyclic  symmetry  are  only  for  comparative 
purposes  and  are  considered  to  be  entirely  adequate  for  studying  certain 
aspects  of  the  more  general  cyclic  symmetry  model.  Omission  of  the  com- 
ponents from  the  models  is  also  considered  to  be  acceptable  since  only 
comparative  solutions  were  desired. 


III.  HALT  MOK»  MODEL 


A.  Introduction 

The  objective  of  this  study  was  to  determine  whether  a half 
motor  model  could  be  used  in  place  of  a full  motor  model  for  calculation 
of  component  response.  Accuracy  to  be  expected  and  limitations  of  the 
half  motor  model  were  to  be  determined.  The  approach  consisted  of 
analyzing  the  half  and  full  motor  models  under  conditions  that  were  as 
similar  as  possible.  The  aft  half  of  the  motor  was  selected  for  study 
because  that  is  where  the  major  motor  components  are  mounted.  Sketches 
of  the  half  and  full  motor  models  used  in  the  analyses  are  shown  in 
Figures  1 and  2,  respectively. 

B.  Dynamic  Analysis  Approach 

When  some  thought  was  given  to  the  problem  of  applying  boundary 
conditions  to  the  half  motor  model  to  simulate  conditions  of  the  full  motor 
model,  some  of  the  shortcomings  of  a half  motor  model  oecame  very  evident. 

Consider  the  full  motor  model  in  Figure  3a.  The  motor  in 
Figure  3a  is  shown  with  a constraint  in  the  axial  direction  applied  at 
the  for';'c:,rd  skirt.  Such  a constraint  might  be  used  for  a motor  attached 
to  a test  stand  or  attached  to  an  upper  stage  by  the  forward  skirt,  The 
likely  approach  would  be  an  attempt  to  represent  the  motor  of  Figure  3a 
by  a half  motor  with  symmetry  boundary  conditions  as  shown  in  Figure  3b, 

The  half  motor  model  could  also  be  used  to  obtain  the  solution  for  a 
symmetric  structure  by  solving  with  symmetric  and  asymmetric  boundary 
conditions  and  then  summing  the  solutions.  If  this  wer<^  ie,  the  struc- 
ture being  solved  would  appear  as  shown  in  Figure  3c.  hus  becomes 

obvious  that  a half  motor  model  cannot  be  used  to  c .rectXy  represent  the 
boundary  conditions  shown  in  Figure  3a. 

Another  problem  to  be  considered  in  using  a half  motor  model 
is  that  of  applying  the  load.  To  demonstrate  this  problem,  assume  that  a 
solution  of  the  full  motor  is  desired  for  the  pressure  mode  shown  in 
Figure  3d.  If  half  of  the  pressure  mode  as  shown  in  Figure  3e  is  applied 
to  the  half  motor  shown  in  Figure  3b,  the  solution  obtained  is  for  a full 
length  pressure  mode  that  is  symmetric  as  shown  in  Figure  3f.  The  pres- 
sure distribution  of  Figure  3f  will  likely  excite  quite  different  grain 
modes  than  the  pressure  node  of  Figure  3d. 

If  a half  motor  model,  as  in  Figure  3b,  is  analyzed,  just  one 
time  with  half  of  a pressure  raodq,  as  in  Figure  3e,  there  are  three  items 
to  be  considered: 

a)  How  well  does  a symmetric  motor  represent  the  actual 
motor?  (If  the  actual  motor  has  a bonded  dome  on  one 
end  and  a flapped  dome  on  the  other,  poorer  results 
might  be  expected.) 

b)  How  well  does  a symmetric  pressure  mode  represent  the 
actual  pressure  mode? 
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c)  How  well  can  symmetric  constraints  be  used  to  represent 
the  actual  constraints? 

When  the  half  motor  model  is  analyzed  twice,  once  with  symmetric  boundary 
conditions  and  once  with  asymmetric  boundary  conditions,  and  the  results 
summed,  question  b)  can  be  erased.  In  this  case,  the  loads  used  in  each 
solution  are  adjusted  so  that  the  load  sum  produces  the  desired  pressure 
mode.  Questions  a)  and  c)  always  apply  to  half  motor  analyses. 

The  half  motor  model  is  represented  by  a 15°  slice  of  the 
total  motor  as  shown  in  Figure  1.  A cylinderical  coordinate  system  is 
used  with  T,-,  Tg , and  Tz  representing  translational  displacements  in  the 
motor  radial  (r),  hoop  (0),  and  axial  (z)  directions  respectively.  Rota- 
tional displacements  about  the  corresponding  r,  0,  and  z axes  are  denoted 
by  R]r,  Pq  , and  Rz.  Symmetry  boundary  conditions  were  applied  to  the  sides 
of  the  slice,  (the  r-z  planes  at  0 = 0 a.nd  at  0 = 15°),  by  constraining 
ali  nodes  in  the  side  planes  to  have  zero  displacement  for  Tq , Rr,  and  Rz. 
Since  the  slice  is  only  one  elemenc  thick,  the  boundary  conditions  were 
applied  to  all  nodes.  Symmetry  conditions  were  applied  to  the  nodes  along 
the  cut  plane  by  setting  Tz  and  Rg  to  zero.  (Note  that  Rj.,  Rq  , and  Rg  are 
constrained  to  zero  for  all  nodes  that  appear  only  in  CHEXA2  elements  in 
order  to  remove  singularities  from  the  stiffness  matrix.) 

To  obtain  the  best  possible  agreement  between  half  and  full 
motor  analyses,  the  full  motor  was  analyzed  v?ith  an  axial  constraint  at 
mid-motor  like  the  constraint  shown  in  Figure  3c  for  the  symmetric  motor, 
Frequency  response  analyses  were  conducted  on  both  the  half  and  full 
motor  models  by  applying  the  third  longitudir  al  (Lg)  pressure  mode  at 
265  Hz  and  the  L4  pressure  mode  at  365  Hz. 

C,  Results 


The  aft  dome  is  considered  to  be  the  most  important  structural 
member  of  the  motor  model  because  motion  of  the  aft  dome  is  applied  directly 
to  the  mounted  components.  Therefore,  response  of  the  aft  dome  is  given 
major  consideration  throughout  this  report.  The  performance  of  the  half 
motor  model  is  compared  with  that  of  the  full  motor  model  by  comparing 
mode  shapes  of  the  aft  dome  as  shown  in  Figures  4,  5,  and  6. 

In  frequency  response  analyses,  the  mode  shapes  of  the  struc- 
ture change  with  time.  To  plot  the  mode  shapes  shown  in  Figures  4,  5,  and 
6,  times  for  which  the  displacement  at  the  nozzle  adapter  was  a maximum 
were  selected.  To  simplify  comparison  of  the  mode  shapes,  all  modes  were 
normalized  to  have  unit  deflection  at  the  nozzle  adapter. 

The  mode  shapes  shown  in  Figure  4 represent  the  dome  response 
to  the  L3  mode  at  265  Hz.  The  same  scalar  springs  (8000  Ib/in.)  that  were 
used  in  the  clean  motor  model  analyses  of  Task  3 were  also  used  for  these 
analyses.  There  are  three  pairs  of  springs  attached  to  the  dome  as  shown 
in  Figure  4. 


Since  rather  poor  a eement  was  found  between  the  modes  shown 
in  Figure  4,  the  analyses  were  eated  with  no  scalar  springs  being  used. 
When  the  scalar  springs  were  removed,  the  nodes  shown  in  Figure  5 were  ob- 
tained. Modes  resulting  from  the  L4  pressure  mode  at  365  Hz  are  shown  in 
Figure  6. 
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The*  mode  shape  plots,  were  normalized*  so*  that  mode-  shape  com- 
parisons could!  be  made  without  regard!  to  magnitude..  A.  comparison^  of  the 
magnitudes:  between*  half  and'  fuTl  motor  model  responses,  at.  selected-  nodes, 
is  givem  in*  Table'  I.  The-  following:  general  observations  apply  to-  the 
frequency  response-  ana*lysis  results:; 

a)  At  node  255,,,  located*  at  the  base  of  the*  adapter.,,  as 
well  as-  along,  most,  of  the  adapter  and!  dome,,  the  magni- 
tude of.  .the*  displacement  tends;  to  be  larger  in  the 
fell  mo  cor  for,  the  265.  Hz'  E3  mode-. 

b)  The-  phase  angles,  in*,  the  R'  direction;  are  nearly  the  same 
for  the  half  and*  full  motor  models;  at  265  Hz. 

c) .  At  365-  Hz„  the*  phase-  angles  of  the  z direction;  displace- 

ment are  approximately  equal  for  the  half  and  full  motor, 

d) .  Again*,,  the  magnitudes  of  the  displacement  in* the  z direc- 

tion. are  slightly  larger  at  the  adapter  for  the*  full 
motor  than  for  the  half  motor. 

D.  Discussion  of  Results, 

Figure  4 shows  that  the  aft  dome  mode  shapes,  are  significantly 
different  for  the  half  and  full  motor,  models  at.  265  Hz  when  scalar  springs 
are  used.  Figure  5<  shows  that  full  and  half  motor  models  produce  different 
mode  shapes  even- when  no  scalar  springs  are  used.  Figure  6 adds  another 
data  point  and  shows  that  full  and  half  motor  models,  also  disagree  at  365  Hz 
using  the  L4  pressure  mode. 

The  data  in  Table  I show-  that  the  difference  in  the  response 
(in  the  axial  direction)  at  the  aft  adapter.,,  where  the  components  are 
attached,  is  only  0.40  x lO"^'  or  about  9 percent.  This  agreement  between 
half  and  full  motor  models  is  surprising  considering,  the  poor  mode  shape 
agreement.  The  fact  that  the  L4  pressure  mode  is  nearly  symmetrical  about 
the  motor  mid-plane  is  probably  partially  responsible  for  the  good  agree- 
ment between  magnitudes.  Another  frequency,  or  pressure  mode  might  be 
expected  to  produce  much  poorer  agreement. 

In  the  analyses  discussed  in>  this*  section,  the  difference 
between  half  and  full  motor  models  is.  probably  due  to  two  factors: 

a)  The  symmetric  motor  model  does  not  simulate  the  actual 
motor  very  well. 

b)  The  symmetric  loading  distribution  (represented  by  half 
motor  analysis)  does  not  represent  the  actual  loading 
distribution- with  sufficient  accuracy. 

E.  Conclusions  and  Recommendations 


The  limitations  and  approximations  involved  in  using  a half 
motor  model  to  represent  a full  motor  model  have  been  explained.  Results 
showing  normalized  response  mode  shapes  and'  results  showing  absolute 
displacement  magnitudes  and  phases  have  been  given  for  comparison  between 
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half  and  full  motor  models.  Results  from  this  half  motor  model  study 
should  be  of  value  to  the  structural  analyst  who  is  considering  the  use 
of  a half  motor  model  to  represent  a full  motor.  The  analyst  should 
keep  in  mind  the  fact  that  half  motor  model  results  were  made  to  look  as 
favorable  as  possible  by  analyzing  the  full  motor,  used  for  comparison, 
with  a mid-motor  axial  constraint. 

The  case  against  the  use  of  half  motor  models  is  not  entirely 
c];ear  cut.  The  results  obtained  in  this  study  show  that  a half  motor 
model  may  likewise  not  represent  a motor  attached  to  a test  stand  or 
bolted  to  other  missile  stages.  Whenever  a complete  structure  cannot  be 
included  in  an  analysis  model,  a decision  is  usually  made  to  cut  the 
structure  at  a particular  location  and  apply  boundary  conditions  to  the 
model  at  that  point  to  represent  the  effect  of  the  omitted  structure. 

The  more  that  is  known  about  the  behavior  of  the  structure,  the  easier 
it  is  to  select  a reasonable  cut-off  location  and  apply  reasonable  boun- 
dary conditions.  The  remainder  of  this  report,  covering  the  scalar  spring 
study  and  the  grid  refinement  study,  contains  considerable  information  on 
general  structrual  behavior  of  the  motor. 

The  conclusion  from  this  study  is  that  significant  differences 
between  half  and  full  motor  models  can  exist,  it  is  recommended  that  the 
structural  analyst  give  careful  consideration  to  the  shortcomings  of  the 
half  motor  model  to  assure  that  the  shortcomings  do  not  cause  problems  in 
a particular  model  application.  The  half  motor  model  cannot  be  recommended 
for  general  use  because  of  the  inaccurate  representation  of  boundary  condi- 
tions that  it  provides.  Even  a coarse  grid  forward  motor  half  used  with 
the  aft  motor  half  grid  could  provide  the  capability  to  represent  general 
boundary  conditions  and  would  probably  provide  significantly  better  results. 
If  sufficient  degrees  of  freedom  are  not  available  to  allow  modeling  of  the 
entire  motor,  a substructure  or  mechanical  impedance  approach  might  be 
considered.  The  performance  of  two  analyses,  one  with  symmetry  boundary 
conditions  and  one  with  asymmetry  boundary  conditions  should  provide  con- 
siderably improved  agreement  between  half  and  full  motor  models,  however, 
no  results  are  available  to  show  the  improved  agreement.  When  the  two 
analyses  are  performed,  the  load  must  be  adjusted  so  that  the  summed 
loading  distribution  from  the  two  analyses  will  match  the  actual  applied 
loading  distribution. 

The  MacNeal-Schwendler  Corporation,  working  with  the  Aerojet 
Solid  Propulsion  Company  (ASPG) > analyzed  the  Minuteman  III  Third  Stage 
motor  using  a half  motor  model.  The  analysis  is  reported  in  Reference  1. 
According  to  the  report,  the  missing  half  of  the  motor  was  treated  as  a 
rigid  body.  Details  of  the  boundary  conditions  applied  to  the  half  motor 
model  were  not  made  clear  in  the  report  and  this  study  was  not  intended  as 
an  evaluation  of  the  MSC-ASPC  analysis. 
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TABLE  I 


Figure  1.  Half  Motor  Model  for  the  Aft  Half  of  the  S/S  Poseidon  C-3  Motor 


(a)  TYPICAL  FULL  MOTOR  BOUNDARY 
CONDITIONS 


TYPICAL  FULL  MOTOR  PRESSURE  MODE 
LOADING  DISTRIBUTION 


MID -PLANE  SYMMETRY  BOUNDARY 
CONDITIONS  APPLIED  TO  THE 
HALF -MOTOR  MODEL 


SYMMETRIC  MOTOR  GEOMETRY 
REPRESENTED  BY  HALF  MOTOR 
MODEL  WITH  SYMMETRY  BOUNDARY 
CONDITIONS 


PORTION  OF  FULL  MOTOR  LOADING  DISTRIBUTION 
APPLIED  TO  THE  HALF  MOTOR  MODEL 


SYMMETRIC  IX)ADING  DISTRIBUTION 
REPRESENTED  BY  ANALYSIS  OF 
HALF  MOTOR  MODEL  WITH  SYMMETRY 
BOUNDARY  CONDITIONS 


Figure  3.  Some  Boundary  Conditions  and  Loading  Conditions  Applicable  to  the 
Half  Motor  Model 
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HAl^  MOTOR  MODEL 


Figure  4 


. Aft  Dome  Mode  Shapes  for  the  Half  and  Full  Motor  Models  with  8000  Ib/in. 
Scalar  Springs,  Response  to  the  L3  Mode  at  265  Hz 


Figure  6.  Aft  Dome  Mode  Shapes  for  the  Ha  is 

Springs,  Response^o  L ^4  m"so  allwla 


IV.  SCALAR  SPRING  STUDY 


A.  Introduction 


The  work  statement  for  this  program  specified  that  scalar  springs 
be  used  to  represent  gases  isolated  in  dome  cavities.  When  motors  with 
unbonded  domes  are  pressurized,  the  domes  can  expand  outward  leaving  gaps 
between  the  domes  and  the  grain.  When  the  motor  is  experiencing  acoustic 
pressure  oscillations,  grain  motion  may  cause  the  gases  in  the  dome  cavities 
to  be  repeatedly  compressed  and  expanded.  The  effects  of  grain  motion  may 
thus  be  transmitted  to  the  domes  through  the  gases  in  the  dome  cavities . 

The  scalar  springs  are  intended  to  provide  a similar  load  path  in  the  finite- 
element  model . The  scalar  springs  are  connected  between  the  domes  and  the 
grain.  This  investigation  was  initiated  to  study  the  characteristics  of 
the  load  path  provided  by  the  scalar  springs. 

A previous  analysis^  on  the  Minuteman  III  Third  Stage  motor  utilized 
scalar  springs  to  represent  the  gases  in  the  forw<i-.u  dome  cavity.  Apparently, 
the  grain  of  the  Minuteman  motor  is  forced  down  around  the  igniter,  upon 
ignition  of  the  motor,  so  that  the  forward  dome  cavity  is  physically  sealed  off 
from  the  combustion  cavity  until  grain  burning  has  occurred  sufficient  to 
open  the  seal.  The  Minuteman  III  situation  is  thus  basically  different  from 
that  of  the  Poseidon  C-3  Second  Stage  motor  used  as  a baseline  motor  in 
Task  III.  The  Poseidon  motor  is  unbonded  at  both  forward  and  aft  domes  and 
the  dome  cavities  open  into  the  combustion  cavity  as  soon  as  the  motor  is 
pressurized.  Scalar  springs  were  used  in  the  model  of  the  baseline  motor  for 
the  Task  III  analyses.  This  study  is  based  upon  the  baseline  motor  model. 

B.  Approach 

Several  different  analyses  were  performed  to  study  the  behavior  of 
the  scalar  springs.  Frequency  response  analyses  were  performed  on  the  full 
motor  model  at  two  different  frequencies  using  two  different  modes  (L3  and  L4)  . 
The  analyses  were  repeated  both  with  and  without  the  scalar  springs  installed. 
Forces  in  the  scalar  .,prings  have  been  calculated  as  have  the  corresponding 
effective  pressure  distributions.  One  pair  of  scalar  springs  in  the  half 
motor  model  were  released  from  the  aft  dome  and  given  a unit  deformation  in 
the  axial  direction  (with  a static  load)  to  determine  what  fraction  of  the 
unit  deformation  could  be  attributed  to  grain  flexibility  and  what  fraction 
could  be  attributed  to  spring  flexibility.  Frequency  response  analyses  were 
performed  on  the  half  grain  model  with  the  dome  end  of  the  scalar  springs 
constrained  to  zero  displacement.  Forces  in  the  scalar  springs  were  plotted 
as  a function  of  frequency  to  shovj  how  the  load  transmitted  to  the  dome  could 
change  with  frequency.  In  addition,  frequency  response  analyses  were 
performed  on  the  aft  dome  model  using  various  combinations  of  positive  and 
negative  unit  forces  in  place  of  the  springs.  Results  from  the  various 
analyses  lumped  together  under  the  heading:  "Scalar  Spring  Study",  provide 

insight  on  the  general  structural  behavior  of  the  motor  model. 

C . Static  and  Dynamic  Analyses 

1)  Calculation  of  Scalar  Spring  Stiffnesses 

Calculation  of  the  spring  coefficients  for  the  scalar  springs 
used  in  the  baseline  motor  analysis  was  based  on  a simple  application  of 
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Beyle's  law;  Pq  Vq,  = Pp  V]^.  The  initial  pressure  and  volume  for  the  gases 
in  a segment  of  the  dome  cavity  to  be  represented  by  scalar  springs  are 
denoted  Pq  and  Vq,  respectively;.  The  volume  is  bounded  on  one  side  by  the 
inside  of  the  dome  and  on  the  other  side  by  the  propellant  grain.  A uniform 
movement  of  the  grain  tending  to  close  the  gap  causes  a compression  of  the 
gases  to  Pi  and  a reduction  in  volume  to  Vl.  The  force  required  to  effect 
the  volume  change  is  AF  = (Pp  - Po)A,  V7here  A is  the  effective  surface  area  of 
the  grain  over  which  the  pressure  acts.  For  a linear  spring,  the  stiffness 
is  defined  by:  k = AF/AX,  where  AX  is  the  deflection  of  the  grain  that 

causes  the  volume  to  be  reduced  from  -Vq  to  Vi-  The  geometry  for  the  assumed 
dome  cavity  is  shown  in  Figure  7. 

Solving  the  AF  equation  for  Pi  gives: 


The  expression  for  Vi  is;  Vi  = V©  " AAX 
Substituting  for  Pi  and  Vi  in  Boyle's  law  gives: 

/ AF 

Po  Vo  =(^— 

This  can  be  reduced  to: 

. ^ _AF  _ / Pq  A \ 

AX  " \Xo  - Ax/ 

This  equation  shows  ihat  k is  not  a constant  since  AX  appears  on  the  right-hand 
side.  The  effective  stiffness  of  the  gas  in  this  sample  modol  is  a function  of 
displacement . 


Assuming  that  AX  is  small  compared  with  Xq,  and  using  the  values 
Po  = 200  psi,  A = 40  in. and  Xq  = 0.5  in.,  a yalue  of  k = 16000  Ib/in.  is 
calculated.  Since  two  springs  are  used,  one  on  each  side  of  the  grid  slice, 
each  spring  must  have  a stiffness  of  8000  Ib/in.  In  the  actual  motor,  grain 
deformations  probably  force  gas  from  the  dome  cavities  into  the  centerbore 
with  very  little  increase  in  pressure.  Therefore,  this  closed  volume  model  is 
not  likely  to  be  very  accurate. 


2)  Motor  Frequency  Response  Analyses 

Frequency  response  analyses  were  performed  on  both  half  motor 
and  full  motor  models  at  265  Hz  and  365  Hz  using  the  L3  and  L4  modes.  The 
analyses  were  performed  both  with  and  without  scalar  springs.  Aft  dome  mode 
shapes  comparing  half  and  full  motor  models  were  shown  in  Figures  4 and  5. 
The  mode  shapes  have  been  replotted  to  compare  results  with  and  without  the 
use  of  scalar  springs  in  Figures  8 and  9. 
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3)  Dome  Pressure  Caused  by  Scalar  Springs 


In  the  frequency  response  analyses,  pressure  modes  LS' and  L4 
* were  applied  along  the  centerbore  of  the  grain.  Both  pressure  modes  are 

normalized  to  have  a maximum  value  along  the  centerbore  of  1.0  psi.  The 
pressure  distributions  applied  along  the  centerbore  of  the  grain  cause  the 
grain  to  deform  and  compress  the  scalar  springs , The  forces  in  the  springs 
effectively  apply  a pressure  distribution  to  the  dome.  The  magnitude  and 
« distribution  of  the  pressure  applied  to  the  dome  is  of  interest. 

Locations  and  identifications  of  the  scalar  springs  in  the 
aft  dome  cavity  are  shown  in  Figure  4.  Forces  in  the  scalar  springs  and 
corresponding  equivalent  pressures  are  shown  in  Table  II.  The  full  motor 
model  had  scalar  springs  in  the  aft  dome  only.  The  forward  dome  was  left 
unconstrained;  i.e.,  the  grain  was  not  attached  (bonded)  to  the  dome.  Since 
the  half  motor  model  was  analyzed  with  symmetry  boundary  conditions,  results 
obtained  are  applicable  to  a motor  loaded  with  a symmetric  load. 

4)  Scalar  Spring  Stiffness  Relative  to  Grain  Stiffness 

If  the  scalar  springs  in  the  dome  cavities  were  rigid  links, 
then  any  dome  modes  that  involved  motion  of  the  spring  connection  points 
would  require  a corresponding  motion  of  the  grain.  Since  the  grain  is  heavily 
damped,  the  use  of  rigid  links  could  impose  an  unrealistic  damping  on  the 
dome  motion.  On  the  other  hand,  if  the  scalar  springs  were  soft  in  comparison 
with  the  grain,  the  grain  damping  would  have  little  effect  on  the  dome  motion. 

To  determine  the  relative  stiffness  between  the  grain  and  the 
scalar  springs,  a pair  of  springs  was  disconnected  from  the  dome  of  the  half 
motor  model  and  the  disconnected  ends  given  a unit  displacement.  The  con- 
figuration for  this  static  analysis  is  indicated  in  Figure  10.  For  a scalar 
spring  stiffness  of  8000  Ib/in.,  and  a grain  shear  modulus  of  333  psi,  a 
grain  deformation  of  0.68  inch  was  calculated  at  the  spring  attach  points. 

Thus,  of  a 1.0  inch  applied  displacement,  68  percent  occurs  in  the  grain, 
and  only  32  percent  is  due  to  stretching  of  the  spring.  When  the  spring 
stiffness  was  reduced  to  1000  Ib/in.,  23  percent  of  the  deformation  was  due 
to  grain  movement  while  77  percent  was  due  to  spring  stretch.  The  grain  shear 
modulus  of  333  psi  represents  grain  stiffness  only  at  very  low  frequencies 
(close  to  1 Hz).  At  higher  frequencies,  the  grain  stiffness  increases  due 
to  the  viscoelastic  behavior  of  the  propellant.  At  100  Hz,  the  grain  stiffness 
is  three  to  four  times  higher.  Even  with  a stiffer  grain,  it  appears  that  a 
significant  amount  of  grain  motion  must  occur  when  the  8000  Ib/in.  scalar 
springs  are  stretched  or  compressed. 

« 5)  Frequency  Response  Analyses  of  the  Aft  Dome 

To  determine  how  the  dome  responds  to  forces  applied  by  the 
scalar  springs,  a series  of  frequency  response  analyses  were  performed.  The 
three  loading  systems  used  are  shown  in  Figure  11.  Any  general  scalar  spring 
« force  distribution  can  be  represented  by  the  appropriate  combination  of  the 

three  loading  systems  shown.  The  forces  were  applied  at  the  spring  attach 
points . 


In  order  to  efficiently  calculate  the  dome  response  at  many 
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different  frequencies,  a real  eigenvalue  analysis  was  performed  and  a 
coordinate  transformation  to  modal  coordinates  was  made  (NASTRAN . Rigid 
Format  No.  11).  The  first  40  natural  modes,  covering  frequencies  up  to 
2150  Hz,  were  used  as  generalized  coordinates  in  the  modal  analyses.  The 
-Givens  method  in  NASTRAN  was  used  to  calculate  all  166  eigenvalues  for  the 
dome-only  model . The  solution  required  5 -to  6 minutes  GPU  time  including 
recovery  of  40  eigenvectors. 

The  frequency  response  analyses  covered  the  range  from  1.0 
to  1000  Hz  in  5 Hz  increments  for  each  of  the  three  different  loading  condi- 
tions. These  analyses  were  performed  by  using  a restart  from  a previous  run 
where  eigenvalues  were  calculated.  About  24  minutes  CPU  time  were  required 
to  complete  all  frequency  response  analyses.  Several  computer-generated 
plots  were  obtained  from  the  frequency  response  computer  run. 

Figure  11  shows  the  radial  displacement  response  at  node  199 
as  a function  of  frequency  for  the  three  different  loading  systems.  The 
locations  of  the  nodes  are  shown  in  Figure  11.  The  axial  displacement 
responses  at  nodes  229  and  237  are  shown  in  Figure  12.  The  axial  displacement 
response  at  node  225  and  the  axial  acceleration  response  at  node  257  are 
shown  in  Figure  13.  The  axial  and  radial  displacement  responses  at  node  257 
are  shown  in  Figure  14.  Node  257  represents  the  point  on  the  adapter  ring 
where  the  components  are  attached.  The  three  loading  systems  shown  in 
Figure  11  are  denoted  (plus,  plus,  plus),  (plus,  minus,  plus),  and  (plus, 
plus,  minus)  in  bottom  to  top  order.  In  each  of  the  figures  showing  response 
curves,  the  three  curves  shown  are  for  the  three  corresponding  loading  condi- 
tions in  the  same  bottom  to  top  order  as  shown  in  Figure  11. 

6)  Radial  to  Axial  Motion  Transfer 


When  it  was  discovered  that  the  forces  in  the  scalar  springs 
were  very  small,  it  became  evident  that  the  applied  centerbore  radial 
pi  assure  loads  were  transmitted  to  the  domes  in  some  way  other  than  through 
the  scalar  springs.  The  only  other  possible  load  path  is  through  the  wye 
joints.  The  possibility  that  dome  axial  motion  is  mainly  a result  of  axial 
motion  at  the  wye  joint  seems  unlikely  because  the  cylindrical  case  is 
quite  stiff  in  the  axial  direction  and  corresponding  axial  displacements  at 
the  wye  joints  are  small.  Therefore,  the  dome  axial  motion  must  be  strongly 
coupled  to  the  radial  motion  at  the  wye  joints. 

Several  computer  runs  were  made  to  study  the  relationship 
between  the  case  radial  motion  and  the  dome  axial  motion.  First,  a static 
unit  load  was  applied  at  the  wye  joint  (node  199)  in  a radial  direction.  As 
shown  in  Figure  15,  an  outward  case  deflection  causes  an  inward  dome 
deflection.  The  ratio  between  radial  wye- joint  deflection  and  axial  adapter 
ring  deflection  (199^/257^),  is  2.5  for  a static  load. 

Frequency  response  analyses  were  conducted  by  varying  the 
frequency  of  the  applied  unit  load  from  0 to  1000  Hz.  The  analyses  are 
similar  to  those  discussed  above  where  three  sets  of  unit  loads  were  applied 
at  the  scalar  spring  attachment  points.  The  radial  displacement  response 
and  the  forces  required  to  maintain  the  constraints  at  the  wye  joint  are 
plotted  as  a function  of  frequency  iu  Figure  15.  The  corresponding  displace- 
ment and  acceleration  responses  for  three  other  points  along  the  dome  and 
for  the  adapter  (node  257)  are  shown  in  Figure  16.  Also  shown  in  Figure  16 


is  the  acceleration  response  at  node  257  in  the  axial  direction. 


D.  Discussion  of  Results 


Results  from  the  analyses  discussed  above  clearly  show  the 
behavior  of  the  scalar  springs  used  in  the  baseline  motor  analysis.  In 
addition,  results  from  some  of  the  analyses  give  added  insight  into  the 
general  dynamic  structural  behavior  of  the  motor  model.  The  springs  appear 
to  be  stiff  compared  to  the  grain.  In  spite  of  their  apparent  stiffness, 
the  springs  transmit  only  very  small  forces  to  the  domes.  The  small  forces 
transmitted  to  the  domes  by  the  springs  do  not  approximate  the  pressure 
distribuffons  in  the  dome  cavities  that  are  due  to  oscillations  in  the 
combustion  cavity  in  a particular  acoustic  mode.  The  scalar  springs  were 
used  in  the  finite-element  model  in  lieu  of  applying  a pressure  distribution 
in  the  dome  cavities . The  scalar  springs  were  used  to  allow  motion  of  the 
grain  to  be  transmitted  to  the  domes  through  the  combustion  gases. 

The  apparent  stiffness  of  the  scalar  springs  relative  to  the  grain 
is  no  doubt  partially  due  to  che  fact  that  only  three  pairs  of  springs 
were  used  to  represent  all  of  the  gases  in  the  dome  cavity.  The  three 
lumped  springs  only  provide  a crude  approximation  to  the  actual  continuous 
gas  distribution  in  the  dome  cavity  and  stress  concentrations  no  doubt  occur 
in  the  grain  at  the  spring  attach  points.  If  a larger  number  of  springs  had 
been  used,  each  spring  would  have  a smaller  stiffness  value  and  therefore 
would  appear  less  stiff  relative  to  the  grain. 

1)  Spring  Stiffness  Calculations 

The  use  of  Boyle's  law  to  calculate  scalar  spring  stiffnesses 
may  seem  like  an  oversimplification,  but  the  use  of  a more  refined  closed 
volume  model  was  not  considered  to  be  warranted  since  the  actual  dome  cavity 
volumes  are  open  to  the  combustion  cavity.  The  fact  that  the  dome  cavities 
are  open  should  reduce  the  effective  stiffness  of  the  gas  from  that  calculated 
for  a closed  volume.  The  8000  Ib/in.  spring  stiffnesses  used  in  the  baseline 
motor  analysis  should  apparently  be  considered  as  upper  limit  stiffnesses,  and 
yet  the  pressures  applied  to  the  domes  by  the  springs  are  very  low,  as  shown 
in  Table  II. 

2)  Frequency  Response  of  the  Motor 

Even  though  the  forces  in  the  scalar  springs  are  small,  the 
scalar  springs  can  apparently  cause  a change  in  the  mode  shape  of  the  response. 
Figure  8 shows  the  difference  in  the  mode  shapes  calculated  for  the  full 
motor  model  with  and  without  using  scalar  springs.  On  the  other  hand. 

Figure  9 shows  that  the  mode  of  response  for  the  half  motor  model  is  nearly 
the  same  with  or  without  scalar  springs . 

The  reasons  for  the  differences  between  results  from  the 
half  and  full  motor  models  probably  have  to  do  with  the  boundary  conditions 
used  in  the  half  motor  model.  The  mode  shapes  shown  in  Figure  8 represent 
the  aft  dome  response  to  the  third  longitudinal  acoustic  mode.  The  third  mode 
tends  to  be  somewhat  asymmetric  about  the  motor  midplane  in  such  a way  that 
the  pressure  is  positive  in  the  forward  end  while  it  is  negative  in  the  aft 
end.  An  asymmetric  type  mode  (such  as  L3)  would  tend  to  cause  more  longitudinal 
motion  of  the  grain  than  a symmetric  loading  (such  as  I4) . The  spring 
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pressures  shown  in  Table  II  for  the  L3  mode  and  the  L4  mode  tend  to  bear 
out  the  idea  that  more  axial  grain  motion  is  associated  with  the  L3  mode 
than  with  the  I4  mode.  The  axial  grain  motion  would  not  occur  in  the  half 
motor  model,  to  a large  extent,  because  the  motor  mid-plane  is  fixed  against 
axial  displacement.  The  fixed  mid-plane  of  the  half  motor  model  is  probably 
responsible  for  the  low  spring  pressures  shown  in  Table  II  for  the  half 
motor  model.  The  maximum  spring  pressure  in  the  half  motor  model  for  the 
L3  mode  was  0.0047  psi  compared  to  0.0303  psi  for  the  full  motor  model. 
Apparently,  the  small  spring  forces  in  the  half  motor  model  were  not  suffi- 
cient, in  either  magnitude  or  distribution,  to  cause  a significantly 
different  aft  dome  response  mode  (as  shown  in  Figure  9) . 

3)  Frequency  Response  Analyses  of  the  Aft  Dome 


The  frequency  response  analyses  were  conducted  to  determine 
how  the  dome  cou]d  be  expected  to  respond  to  general  loads  applied  through 
the  scalar  springs  and  to  determine  how  sensitive  the  response  would  be  to 
changes  in  load  distribution.  The  response  plots  shown  in  Figures  11,  12, 

13,  and  14  show  the  general  response  behavior  of  the  aft  dome. 

The  response  curves  for  the  three  different  loading  systems 
are  strikingly  different.  For  example,  the  displacement  response  in  the 
radial  direction  at  node  199,  Figure  11,  shows  a major  peak  at  about  320  Hz 
for  the  (plus,  plus,  plus)  load  distribution.  The  corresponding  peak  on 
the  response  curve  for  the  (plus,  minus,  plus)  load  distribution  is  relatively 
small.  The  (plus,  plus,  plus)  response  curve  has  a minor  peak  at  about 
430  Hz  which  does  not  show  up  at  all  on  the  (plus,  minus,  plus)  response 
curve  and  on  the  (plus,  plus,  minus)  response  curve,  the  430  Hz  peak  is 
the  major  response  peak.  Similar  comparisons  can  be  made  between  the  plots 
of  Figures  12,  13,  and  14. 

The  aft  dome  frequency  response  analysis  results  are  very 
important  because  they  show  that  realistic  and  accurate  loading  distributions 
must  be  input  to  the  dome  in  order  to  accurately  calculate  the  dome  frequency 
response.  The  comparisons  made  above,  between  response  curves  for  different 
loading  distributions,  indicate  the  magnitudes  of  errors  that  might  be  expected 
when  incorrect  loading  distributions  are  used. 

In  the  baseline  motor  analysis,  no  pressure  distributions  were 
applied  to  the  domes.  Instead,  scalar  springs  were  used  to  allow  the  grain 
to  transmit  forces  to  the  domes.  The  small  pressures  applied  by  the  scalar 
springs  are  no  doubt  inaccurate.  The  task  of  determining  accurate  and 
realistic  pressure  distributions  is  not  an  easy  one.  The  extent  to  which 
dome  cavities  open  up  and  the  timing  with  which  they  open  up  during  a firing 
are  not  well  known.  The  model'^  of  the  acoustic  cavity  that  was  used  to 
calculate  the  gas  modes  used  in  the  baseline  motor  analysis  did  not  include 
dome  cavities.  Recent  analyses  performed  on  an  acoustic  model  with  dome 
cavities  indicates  that  pressures  as  high  as  those  in  the  centerbore  can  be 
expected  in  the  dome  cavities.  In  addition,  pressure  mode  shapes  in  the 
dome  cavities  appear  to  be  extensions  of  the  mode  shapes  in  the  main 
combustion  cavity. 
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4)  Radial  to  Axial  Motion  Transfer 


When  pressure  oscillations  occur  in  the  cpmbustion  cavity, 
the  cylindrical  portion  of  the  case  is  caused  to  expand  and  contract  in  a 
radial  direction.  The  radial  expansion  and  contraction  of  the  cylindrical 
case  section  can  cause  axial  dome  motion  as  shown  in  Figure  15.  The  re- 
sponse of  the  aft  adapter  calculated  in  the  baseline  motor  analysis  is 
probably  due  mostly  to  radial  case/grain  motion.  During  actual  motor  oper- 
ation, the  response  at  the  aft  adapter  is  likely  the  result  of  both  radial 
case/grain  motion  and  the  pressure  oscillations  that  occur  in  the  dome 
cavities. 


The  response  plots  shown  in  Figures  15  and  16  indicate  the 
general  dome  behavior  to  be  expected  from  oscillatory  radial  case  motion. 

In  the  aft  dome  model  analyzed,  the  axial  displacement  and  the  r-z  plane 
rotation  were  constrained  to  zero.  The  SPG  (constraint)  forces  required  to 
maintain  the  displacement  and  rotation  constraints  are  plotted  as  a function 
of  frequency  in  Figure  15.  The  plots  shown  in  Figures  15  and  16  show  that 
most  of  the  dome  modes  can  be  excited  by  the  radial  motion  input  at  the 
wye  joints.  This  is  in  contrast  to  the  dome  pressure  loading  where  some 
modes  were  not  excited  at  all  by  a particular  loading  distribution. 

E.  Conclusions  and  Recommendations 


The  behavior  of  the  motor  model  with  scalar  springs  used  in  the 
dome  cavities  has  been  studied  in  detail.  Perhaps  it  may  seem  that  too 
much  detail  was  included  in  the  study.  However,  the  insight  gained  into  the 
general  structural  behavior  of  the  motor  model  should  prove  to  be  very  worth- 
while. In  particular,  results  from  the  dome  frequency  response  analyses  and 
the  radial-to-axial  motion  transfer  should  provide  a better  understanding  of 
general  dome  behavior. 

Results  from  this  study  show  that  the  scalar  springs  used  in  the 
baseline  motor  analyses  were  inadequate.  The  springs  did  not  apply  a realis- 
tic pressure  distribution  in  the  dome  cavities,  and  the  possibility  that 
spring  coupling  could  result  in  the  grain  acting  to  damp  out  dome  vibrations, 
unrealistically,  was  pointed  out.  For  these  reasons,  the  use  of  scalar 
springs  in  similar  applications  is  not  recommended.  It  is  recommended  that 
estimated  (calculated)  pressure  distributions  be  applied  in  dome  cavities 
to  both  the  grain  and  the  case  in  place  of  using  scalar  springs.  To  obtain 
the  dome  cavity  pressure  distributions,  acoustic  models  with  dome  cavities 
could  be  analyzed  or  experimental  data  could  be  used. 

The  conclusions  and  recommendations  given  here  do  not  apply  to 
a previous  analysis^  which  was  conducted  on  the  third  stage  Minuteman  III 
motor.  Apparently,  the  Minuteman  motor  has  the  peculiar  characteristic 
that  upon  pressurization,  the  grain  is  forced  down  around  the  igniter  pro- 
viding a stong  physical  seal  for  the  gases  in  the  dome  cavity.  Since  the 
gases  in  the  dome  cavity  are  in  a closed  volume,  it  is  not  possible  for 
acoustic  modes  in  the  combustion  cavity  to  affect  the  pressure  distribution 
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in  the  closed  dome  cavity  directly.  However,  grain  motion  could  cause  a 
bulk  compression  of  the  gas  entrapped  in  the  cavity,  thereby  transmitting 
oscillatory  motion  to  the  dome.  The  trapped  gas  model  used  in  Reference  1 
utilized  scalar  springs,  scalar  masses,  and  multi-point  constraints  to  model 
this  mode  of  load  transfer.  Good  results  were  reported  for  the  particular 
trapped  gas  model  used , 


F-26 


TABLE  II 


•f 

SCALAR  SPRING  FORCES  AND  CORRESPONDING  PRESSURES 
FOR  HALF  AND  FULL  MOTOR  MODELS 


Spring  No. 
(See  Fie.  4) 

FULL  MOTOR 

MODEL 

L3  Mode 

at  265  Hz 

L4  Mode  at  365  Hz 

Force  (Lbs) 

Pressure  (Psi) 

Force  (Lbs) 

Pressure  (Psi) 

351 

1.540 

0.03030 

0.2237 

0.00383 

353 

-0.0938 

-0.00029 

-0.325 

-0.00593 

355 

1 ^ 

0.4181 

0.00323 

-0.4774 

-0.00474 

Spring  No. 
(Sec  Fie.  4) 

HALF  MOTOR  MODEL 

L^  Mode  at  265  Hz 

Force  (Lbs) 

Pressure  (Psi) 

351 

0.23883 

0.00473 

353 

-0.05413 

-0.00100 

355 

-0.27854 

-0.00280 

TABLE  III 

RELATIVE  GRAIN/SPRING  STIFFNESS  DATA 


Scalar  Spring 

Grain  Shear 

Grain 

Spring 

Stiffness  (Lb/ln) 

Modulus  (I’i) 

Deformation  (In.) 

Deformation  (In.) 

8000 

333 

0.68 

0.32 

1000 

333 

0.23 

0.77 




THIS  VOLUME  OF  GASES  TO  BE 
REPRESENTED  BY  ONE  PAIR  OF 
SCALM  SPRINGS 


SCALAR  SPRING 


Figure  7.  Sketch  Showing  Assumed  Dome  Cavity  Geometry  Used  in  Scalar  Spring 
Stiffness  Calculations 


Figure  10.  Static  Analysis  Configuration  Tfoofi  n ^ 

Between  Grain  and  Scalar  Springs  Determine  Relative  Stiffness 


PLUS,  PLUS,  MINUS 
LOAD  DISTRIBUTION 
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Figure  11.  Aft  Dome  Load  Distributions  and  Frequency  Response  Plots  for  Node  199 


SPC  FORGE  FOR  199  - ROTATION  CONSTRAINT 


SPG  FORCE  FOR  199  - AXIAL  DIRECTION 


DISPLACEMENT  RESPONSE  FOR  199- 
RADIAL  DIRECTION 


UNIT  LOAD 


DISPLACED  POSITION  SHOWN  BY  DASHED  LINES 


Figure  15. 


Aft  Dome  Static  Deformations  for  a Radial  Unit  Load  Applied  at  the 
Wye  Joint  and  Corresponding  Response  Plots  for  Load  Frequencies 
Between  0 and  1000  Hz 
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DISPLACEMENT  RESPONSE  FOR  257  - DISPLACEMENT  RESPONSE  FOR  237  - 

AXIAL  DIRECTION  AXIAL  DIRECTION. 


ACCELERATION  RESPONSE  FOR  257  - 
AXIAL  DIRECTION 


AXIAL  DIRECTION 


Figure  16.  Response  Plots  for  Nodes  on  the  Aft  Dome  Responding  to  a Unit  Radial  Load 
at  the  Wye  Joint 
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V 


GRID  REFINEMENT  STUDY 


A.  Introduction 

Since  acoustic  modes  at  very  high  frequencies  are  commonly 
observed,  it  would  be  desirable  to  have  a finite  element  model  that  could 
produce  accurate  results  at  high  frequencies.  A rocket  motor,  being  a 
continuous  structure,  exhibits  an  infinite  number  of  natural  frequencies. 

A finite  element  model,  having  only  a finite  number  of  degrees  of  freedom, 
can  have  only  a finite  number  of  natural  frequencies.  Each  finite  element 
model  therefore  has  a maximiini  natural  frequency  and  any  natural  frequency 
in  the  motor  above  the  maximum  model  natural  frequency  is  not  represented 
by  the  model.  As  the  frequency  increases  toward  the  maximum,  the  natural 
mode  shapes  become  more  complex  and  the  accuracy  of  mode  representation  pro- 
vided by  the  model  decreases.  A portion  of  this  grid  refinement  study  was 
directed  at  determining  the  frequency  range  over  which  valid  (reasonably 
a,cc.urate),  results  could  be-  obtained  for  the.-  finite  element  model-. 

The  question  of  valid  frequency  range  cannot  be  answered  in 
general  because  the  mode  of  response  depends  to  a large  extent  on  the  load 
distribution.  The  effect  of  load  distribution  on  the  frequency  response  of 
the  aft  dome  was  illustrated  previously  under  the  scalar  spring  study.  A 
more  appropriate  question  might  therefore  be;  "For  a particular  load 
distribution,  what  is  the  valid  frequency  range  for  the  model?"  Studying 
the  structure  frequency  resp.inse  for  a large  number  of  load  distributions 
would  not  be  practical.  The  problem  can  be  simplified  by  rephrasing  the 
question  to  ask  for  the  minimum  valid  frequency  range;  i.e.,  the  frequency 
range  for  which  the  model  would  yield  reasonably  accurate  results  assuming 
the  most  adverse  loading  distribution.  The  pxoblem  could  also  be  simplified 
by  assuming  a typical  high  frequency  mode  load  distribution.  Both  simplifica- 
tions have  been  used. 

;jhen  the  finite  element  grid  for  the  full  motor  model  was  con- 
structed, an  attempt  was  made  to  make  the  grid  as  refined  as  possible  while 
maintaining  reasonable  run  times  for  a compute"  analysis.  The  grid  refine- 
ment used  in  the  dome  portions  of  the  model  was  selected  to  allow  for 
reasonable  definition  of  the  changes  in  the  orthotropic  case  properties.  No 
guide  lines  were  available  on  grid  refinement  required  to  accurately  model 
natural  mode  shapes  in  a particular  frequency  range.  The  objective  of  this 
study  was  to  assess  the  effect  that  grid  refinement  would  have  on  the 
accuracy  of  the  response  of  the  model.  The  possibility  of  using  a model  with 
a coarser  grid  was  to  be  evaluated  as  a possible  modeling  simplification. 

As  with  the  scalar  spring  study,  the  approach  for  the  grid  refinement 
study  consisted  of  performing  several  separate  analyses.  Real  eigenvalue 
solutions  were  obtained  for  the  aft  dome  model  and  mode  shapes  were  plotted 
over  the  frequency  range  of  interest.  Real  eigenvalue  solutions  were  also 
obtained  for  the  half  grain  model.  Half  grain  modes  were  plotted  over  the 
frequency  range  of  interest.  A full  motor  model  with  a very  coarse  grid  was 
constructed  and  analyzed  at  265  and  365  Hz  with  the  L3  and  I4  acoustic  pres- 
sure modes.  The  coarse  grain  model  was  included  in  the  study  to  evaluate  the 
possibility  that  component  response  is  not  greatly  dependent  upon  tne  accuracy 
with  which  the  grain  is  modeled.  The  grain  is  a very  massive  and  very  heavily 
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damped  part  of  the  rocket  motor  structure.  The  possibility  that  the 
sluggish  response  of  the  grain  might  cause  the  component  response  to  be  in- 
sensitive to  locations  of  peaks  and  valleys  in  the  grain  response  curve,  was 
considered  to  be  worth  investigating. 


B.  Approach 

One  way  to  determine  the  limiting  grid  refinement  for  a par- 
ticular structure,  being  forced  at  a given  frequency  and  with  a given  load 
distribution,  would  be  to  construct  a series  of  finite  element  models  with 
decreasing  degrees  of  grid  refinement.  Each  model  would  be  analyzed  with 
the  same  load  and  at  the  same  frequency.  When  displacement  response 
results  from  a particular  model  were  found  to  be  significantly  different 
from  the  results- of  the  most  refined  model,  th*e  minimum  acceptable  grid 
refinement  would  be  established.  This  approach  was  judged  to  be  too  • 
costly  and  time  consuming. 

Another  approach  to  the  problem  of  establishing  the  degree  of 
adequate  g.'id  refinement  for  a particular  model  is  to  study  the  natural 
mode  shapes  of  the  model.  A rule-of-thumb  that  is  commonly  used  for 
judging  the  adequacy  of  refinement  of  a particular  grid  is  that  three 
nodes  should  be  used  to  define  each  half  wave  of  the  mode  shape.  In  this 
study,  mode  shapes  of  the  aft  dome  model  and  of  the  half  grain  model  were 
examined  in  an  effort  to  establish  an  upper  limit  frequency,  above  which 
results  would  possibly  be  in  error  for  the  particular  grids  being  studied. 

To  better  understand  the  rule-of-thumb  for  adequate  grid 
refinement  stated  above,  a uniform  pinned-pinned  beam  was  analyzed  using 
an  eight  element  NASTRAN  model  and  using  closed  form  solution,  Compa^'isons 
between  the  theoretical  and  the  NASTRAN  models  are  given  showing  the 
increasing  inaccuracy  of  the  NASTRAN  model  with  increasing  mode  number. 
Results  from  the  beam  analyses  should  provide  a background  for  judging 
the  results  from  the  dome  and  grain  models. 

The  full  motor  model  was  modified  to  include  a very  coarse  grid 
to  represent  the  grain.  Frequency  response  analyses  were  performed  using 
the  L3  and  L4  pressure  modes.  Comparisons  are  shown  between  results  from 
the  model  with  coarse  grid  and  the  original  model. 


C, 


Dynamic  Analyses 


' ] ) Simply  Supported  Beam  Analysis 

I 

I ' A sketch  of  the  beam  model  is  shown  in  Figure  17.  The 

f equations  shown  on  the  face  of  Figure  17  give  the  closed  form  solutions  for 

i the  beam.  A NASTRAN  real  eigenvalue  analysis  was  performed  on  the  eight 

i element  model  shown  in  the  figure.  A comparison  between  the  NASTRAN  cal- 

j ^ culated  natural  frequencies  and  the  closed  form  solutions  is  shown  in  Table 

* IV.  The  corresponding  mode  shape  comparisons  are  shown  in  Figure  18.  Notice 

, that  the  values  calculated  by  NASTRAN,  (shown  as  circled  points  in  Figure  18), 

I 
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are  correct  for  all  seven  modes.  The  errors  occur  because  sufficient  nodes 
are  not  available  to  define  a wave  in-  the  mode  shape. 

When  a particular  load  distribution  at  a particular  fre- 
quency is  applied  to  the  beam  model,  the  response  mode  can  be  expressed  in 
terms  of  a sum  of  fractions  of  each  natural  mode  when  model  coordinates 
are  used.  When  the  applied  load  distribution  matches  exactly  a natural 
mode  the  beam  responds  only  in  that  mode  independent  of  the  applied  fre- 
quency.. The  condition  of  the  loading  distribution  exactly  matching  a 
natural  mode  shape  would  be  rare.  The  response  of  the  beam  (or  motor)  to 
a similar  but  not  exactly  matching  load  distribution  would  be  of  more 
interest. 

Figure  19  shows  an  applied  load  distribution  and  the 
corresponding,  closed  form  displacement  response.  The  load  distribution 
was  arbitrarily  selected  to  be  similar  to  the  beam  second  mode  that  occurs 
at  157.6  Hz.  If  the  applied  loading  distribution  exactly  matched  the 
second  mode,  then  the  response  would  be  purely  in  the  second  mode.  As 
shown,  the  response  looks  like  a combination  of  second  mode  and  fourth  mode. 
The  frequency  of  application  of  the  applied  load  was  exactly  the  same  as 
the  fourth  mode  natural  frequency.  This  result  shows  that  a high  fre- 
quency mode  can  be  excited  by  a low  frequency-type  load  distribution 
applied  at  a high  frequency. 

2)  Aft  Dome  Real  Eigenvalue  Analysis 

Real  eigenvalue  analyses,  (NASTRAN  Rigid  Format  3),  were 
performed  on  the  aft  dome  model.  The  same  model  used  for  the  frequency 
response  analyses  under  the  scalar  spring  study  was  also  used  for  the  real 
eigenvalue  analyses.  The  first  20  natural  modes  and  corresponding  natural 
frequencies  are  shown  in  Figures  20,  21,  and  22.  To  simplify  the  problem 
of  making  reference  to  two  typical  types  of  mode  shapes,  the  typical  shapes 
will  be  referred  to  as  "oil  can  modes"  and  "twisting  modes".  "Oil  can  mode" 
is  used  to  describe  the  axisymmetric  deformation  of  the  dome  that  causes 
axisymraetric  bending  stresses  similar  to  those  that  occur  in  the  bottom  of 
an  oil  can  when  the  center  of  the  can  bottom  is  depressed  with  the  thumb. 
"Twisting  mode"  refers  to  the  apparent  twisting  of  the  one  slice  model. 

With  reference  to  the  total  motor,  lobar  type  modes  would  appear  as  one- 
slice  twisting  modes.  Twisting  modes  are  characterized  by  the  two  nodes 
opposite  each  other  in  the  one  slice  model  having  equal  displacements  but 
in  opposite  directions.  The  first  two  twisting  modes  shown  in  Figure  20 
are  shown  again  as  the  two  sketches  at  the  bottom  of  Figure  22  to  better 
show  what  is  meant  by  "twisting  mode". 

The  twisting  modes  that  are  calculated  from  any  par- 
ticular analysis  are  a function  of  the  size  of  slice  used  in  the  ..lodel. 

A 15°  angle  is  included  between  the  two  faces  of  the  slice  used  in  the 
model  that  resulted  in  Figures  20,  21,  and  22.  If  a 30°  slice  had  been 
used,  twisting  modes  at  different  frequencies  would  have  resulted.  A 
possible  lobar  (twisting)  mode  for  a 30°  slice  is  shown  in  the  center  of 
Figure  22.  Twisting  modes  are  of  very  little  interest  in  this  grid  refine- 
ment study. 


The  finite  element  grid  refinement  in  the  circumferential 
direction  is  of  interest.  A comparison  between  the  approximation  of  a circle 


F-40 


obtained  by  using  24  fifteen  degree  slices  and  12  thirty  degree  slices  is 
shown  in  the  middle  of  Figure  22.  To  obtain  a 30°  slice  model,  the  grid 
point  locations  for  the  grid  points  on  one  face  of  the  15°  slice  model 
were  changed.  The  two  models  are  thus  ejcactly  alike  except  for  grid 
point  locations.  A real  eigenvalue  analysis  was  performed  on  the  30° 
slice  model.  The  results  are  shown  in  Figure  23. 

Because  of  large  differences  between  results  from  the 
15°  and  30°  slice  models,  one  additional  model  was  analyzed.  A 5°  slice 
model  was  formed  by  repositioning  the  grid-  points  again.  The  mode  shapes 
and  natural  frequencies  obtained  from  the  5°  slice  are  shown  in  Figure  24. 

3 ) Half  Grain  Model  Real  Eigenvalue  Analyse.^ 

Real  eigenvalue  analyses  similar  to  those  performed  on  the 
dome  were  also  performed  on  the  half  grain  model.  Results  from  the  analyses 
are  shown  in  Figures  25,  26,  and  27. 

Accurate  results  cannot  be  expected  from  a real  eigenvalue 
analysis  of  the  propellant  grain  because  the  grain  properties  are  frequency 
dependent.  Nevertheless,  the  analysis  is  useful  for  identifying  approximate 
natural  frequencies  and  associated  mode  shapes  so  that  judgements  concerning 
the  adequacy  of  the  model  over  a particular  frequency  range  can  be  made. 

The  mode  shapes  shown  in  Figures  25,  26,  and  27  ware  ob- 
tained using  a very  low  grain  shear  modulus  of  333  psi.  The  333  psi  shear 
modulus  corresponds  to  a low  frequency  of  about  1 Hz,  The  natural  fre- 
quencies shown  in  Figures  25,  26,  and  27  were  obtained  by  correcting  the 
calculated  frequency  by  iterating  with  the  following  equation: 


f 


n 


f333 


where;  f^  - is  the  natural  frequency  estimate. 

^333  " natural  frequency  calculated  in  the  real 

eigenvalue  analysis  using  a grain  shear  modulus 
of  G = 333  psi. 

G(fn)  “ is  the  grain  shear  modulus  corresponding  to 
frequency  f^. 


It  was  necessary  to  iterate  to  obtain  the  solution  because  G(f^)  depends  on 
the  solution,  fn* 


The  first  10  mode  shapes  and  frequency  estimates  for  the 
grain  model  with  symmetry  boundary  conditions  at  the  mid  plane  are  shown 
in  Figure  25.  The  corresponding  first  10  modes  and  frequencies  for  asym- 
metric boundary  conditions  at  the  midplane  are  shown  in  Figure  26.  Figure 
27  was  included  to  show  some  mode  shapes  at  higher  natural  frequencies. 

The  30th  through  the  39th  mode  shape  and  corresponding  frequencies  are  shown 
in  Figure  27.  Scalar  springs  were  attached  to  the  grain  for  all  analyses 
as  they  were  for  the  baseline  motor  analyses.  The  case  (dome)  ends  of  the 
scalar  springs  were  constrained  to  have  zero  displacement  for  these  real 
eigenvalue  analyses. 
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4)  Coarse  Orain  Grid  Model  Analyses 


A clean  motor  model  with  an  .extra  coarse  grid  to  represent 
the  grain  was  constructed.  A comparison  between  the  regular  and  coarse 
grid  models  is  shown  in  Figure  28.  The  coarse  grid  analysis  was  intended 
to  be  identical  to  the  regular  grid  analysis  in  every  way  except  for  the 
grid  refinement.  However,  it  was  discovered  that  the  same  load  distribu- 
tion could  not  be  applied  to  the  coarse  grid  model  becau.se  fewer  grain 
nodes  were  available  at  which  to  apply  the  loads. 

Both  coarse  and  regular  grid  models  were  analyzed  using 
the  L3  pressure  mode  at  265  Hz.  The  load  distributions  used  on  each  were 
not  exactly  the  same  because  of  differences  in  node  spacing.  To  keep  the 
net  effect  of  each  load  the  same  as  nearly  as  possible,  the  total  positive 
or  negative  forces  in  each  half  wave  of  the  mode  shape  were  made  equiva- 
lent. The  displacement  response  of  the  coarse  and  regular  grid  models  is 
compared  at  several  selected  points  in  Table  5. 

D.  Discussion  of  Results 


1)  Simply  Supported  Beam 

Results  from  analyses  on  a simple  beam  model  cannot  be 
applied  on  a one-to-one  basis  to  results  from  the  more  complicated  motor 
models.  However,  having  a knowledge  of  the  performance  of  a beam  model 
should  be  of  value  in  making  qualitative  judgements  on  the  adequacy  of 
the  motor  models. 


The  degradation  of  the  mode  shapes  supplied  by  the  beam 
finite  element  model  with  increasing  natural  frequency  is  shown  in  Figure 
18.  The  rule-of-thumb  that  3 nodes  should  be  available  to  define  each 
half  wave  of  a mode  can  be  justified  by  the  results  shown  in  Figure  18. 

The  second  mode  has  3 nodes  per  half  wave  and  the  comparison  between  closed 
form  solution  and  NASTRAN  solution  shows  very  good  agreement.  The  corres- 
ponding frequency  comparison  as  shown  in  Table  IV  indicates  that  NASTRAN 
and  theoretical  frequencies  are  within  .032  percent,  surprisingly  good 
agreement,  \7hen  only  two  nodes  are  available  to  define  a half  wave  of  the 
mode  shape,  as  in  the  third  mode  of  Figure  18,  the  errors,  (differences 
between  theoretical  and  NASTRAN  solutions),  become  more  evident. 

It  is  interesting  to  note  that  the  correct  displacement 
amplitude  is  calculated  by  NASTRAN  at  each  node  even  up  to  the  7th  mode. 
That  is,  the  calculated  points,  shown  in  Figure  18  as  circled  points,  all 
fall  on  the  theoretical  mode  shape.  The  errors  in  mode  shape  prediction 
occur  because  the  node  density  and  spacing  are  not  sufficient  to  define 
the  deformed  mode  shape. 

Based  on  evaluation  of  results  from  the  beam  analyses,  it 
appears  that  the  three  node  per  half  wave  rule-of-thumb  may  be  too  restric- 
tive. It  is  recommended  that  each  calculated  mode  be  judged  individually 
without  using  a rigid  "go"  or  "no-go"  criteria.  The  curves  of  Figure  18 
can  be  used  as  a guide.  The  possibility  of  errors  should  be  considered 
when  fewer  than  three  nodes  are  available  to  define  a half  wave  of  the  mode 
shape. 
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Experiments  with  closed  form  frequency  response  solutions 
for  the  beam  model  showed  that  in  many  cases  the  mode  of  the  beam  response 
followed  quite  closely  the  general  shape  of  the  load  distribution.  The 
result  shown  in  Figure  19  is  an  jxception  because  the  response  appears  to 
contain  higher  frequency  harmonics  than  the  input  load  distribution.  The 
response  is  a distorted  fourth  natural  mode  while  the  load  distribution  is 
most  similar  to  a second  mode  shape.  To  relate  tl  ese  results  to  the  beam 
finite  element  model,  we  conclude  that  the  finite  element  model  would  have 
to  be  sufficiently  refined  to  represent  the  fourth  beam  bending  mode  in 
order  to  provide  a sufficiently  accurate  solution  for  the  loading  distri- 
bution shown  in  Figure  19  when  the  loading  frequency  is  630  Hz. 

To  generalize  these  results,  we  conclude  that  a model 
should  be  capable  of  representing  natural  mode  shapes  over  a frequency 
range  that  includes  the  frequency  range  of  the  applied  loading  systems. 

In  addition,  the  model  should  be  capable  of  representing  response  mode 
shapes  that  are  likely  to  be  excited  by  the  particular  load  distribution 
being  applied. 

2)  Aft  Dome  Real  Eigenvalue  Analysis 

A study  of  the  real  eigenvalue  analysis  results  shown  in 
Fig',  res  20  through  24  should  provide  valuable  insight  into  the  structural 
dynamic  behavior  of  the  aft  dome  model.  In  the  first  mode,  (f^),  as  shown 
in  Figure  20,  the  dome  and  nozzle  move  in  and  out  together.  The  f^  mode 
in  the  same  figure  '..hows  the  dome  and  nozzle  moving  in  opposite  directions 
causing  deformation  of  the  nozzle  flex-seal.  In  some  of  the  higher  fre- 
quency modes  the  dome  forms  various  waves  while  the  nozzle  is  relatively 
quiet. 


The  peaks  and  valleys  on  some  of  the  frequency  response 
plots  shown  in  Figures  11  through  16  can  be  correlated  with  these  real 
eigenvalue  analysis  results.  For  example,  consider  the  response  at  node 
229  shown  in  Figure  12  for  the  three  different  loading  distributions.  The 
response  plot  for  th<  plus-plus-plus  loading  distribution,  shown  in  Figure 
12,  contains  one  major  peak  near  300  Hz.  The  peak  is  apparently  a combin- 
ation of  response  in  the  f4  and  15  modes  shown  in  Figure  20  since  both 
modes  would  likely  be  excited  by  the  plus-plus-plus  load  distribution  and 
the  frequincies,  304  to  319  Hz,  correspond  with  the  response  plot.  The  plus 
minus-plus  load  distribution  response  plot  in  Figure  12  shows  major  response 
at  about  320  Hz  and  540  Hz.  Apparently  this  non-uniform  load  distribution 
causes  a large  response  in  both  the  £5  and  the  f-i  modes.  An  examination  of 
tne  plus-minus-plus  character  of  the  fy  mode  shape  shows  clearly  why  a large 
response  in  this  mode  could  be  expected  from  a plus-minus-plus  load  distri- 
bution. 


A main  purpose  in  obtaining  the  real  eigenvalue  solution 
plots  shown  in  Figures  20,  21,  and  22,  was  to  show  the  performance  of  the 
particular  finite  element  grid  as  a function  of  frequency.  For  the  fg 
mode  at  620  Hz  shown  in  Figure  20,  only  two  nodes  are  available  to  represent 
half  waves  at  two  different  places  along  the  dome.  Based  on  the  experience 
with  the  beam  analysis,  we  might  judge  the  model  to  be  adequate  at  620  Hz 
but  also  realize  that  che  quality  (accuracy)  of  mode  shapes  for  higher  fre- 
quencies will  decre.’.se  as  the  frequency  increases. 
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The  original  dome  model  was  constructed  to  represe«it  a 
1/24  section  (15°  slice)  o.£  the  motor.  The  1A24  section  was  selected' 
because  the  total  motor  could  be  represented  by  such  a section  a cyclic 
symmetry  analysis.  The  motor  ha.s  12  slots  in  the  propellant  grain.  An 
r-z  plane  through  the  middle  of  a slot  and  another  ha.Tr  way  between  the 
slots  forms  a 15°  slice.  For  a motor  with  fewer  slots,  similar  reasoning 
would  produce  a large  slice.  A motor  modeled  with  sections  ' 'tger  than 
1.5°  would  have  les.'j  grid  refinement  in  the  circumferential  direction.  To 
study  the  effects  of  more  or  less  grid  refinement  in  the  ci.curXferential 
direction,  5°  and  30°  slices  were  analyzed. 

The  results  from  analysis  of  the  30°  slic.'  are  shown  in 
Figure  23.  The  mode  shapes  and  natural  frequencies  do  not  ,mpare  well 
with  those  obtained  for  the  15°  slice  shown  in  Figure  20.  '*;he  first 

natural  mode  for  the  30°  slice  occurs  at  a frequency  24%  i.gher  than  the 
43.3  Hz  calculated  for  the  15°  slice.  The  nozzle-dome  mc,!i!  (£^  for  the 
30°  slice)  occurs  at  a frequency  of  335  Hz  which  is  10%  ' .;.r?her  than  the 
corresponding  304  Hz  mode  in  the  15°  slice  model.  Other  .lOdes  in  the  30° 
slice  model  have  similarly  large  errors  when  compared  to  results  from  the 
15°  slice  model. 


The  results  from  analysis  of  the  5°  si  ce  model  as  shown 
in  Figure  24  can  be  compared  with  the  results  from  thff  i..°  slice  model  in 
Figure  20.  The  first  natural  frequency  of  the  15°  sli se  model  is  in  error 
by  11%  when  compared  to  the  5°  sl'ice  results.  No  tv/i»i.ing  modes  were 
found  among  the  first  8 modes  in  the  5°  slice  model, 

A peculiar  difference  between  the  5’'  -lice  and  the  15° 
slice  is  seen  by  comparing  the  nozzle-dome  modes  for  each  model,  (the 
"nozzle-dome  mode"  refers  to  the  mode  where  the  nozzle  and  dome  move  in 
opposite  directions).  In  the  15°  slice  model,  the  nozzle-dome  mode  occurs 
with  the  dome  in  a first-oil-can  type  mode  at  304  Hz.  In  the  5°  slice 
model,  a dome  mode  occurs  at  251  Hz  without  any  significant  nozzle  parti- 
cipation. Then,  two  modes  involving  the  nozzle  occur  along  with  higher 
order  dome  modes  at  299  Hz  and  310  Hz,  (£3  and  f^  in  Figure  24).  Based 
on  this  analysis,  it  appears  that  even  a 15°  slice  may  not  be  providing 
sufficient  grid  refinement  in  the  circumferential  direction. 

3)  Half  Grain  Model  Real  Eigenvalue  Analysis 

The  three-node-per-half-wave  rule  discussed  above  can  be 
applied  to  results  from  the  half  grain  analyses.  The  fj^Q  mode  shown  in 
Figure  25  has  the  following  sequence  of  radial  displacements  for  nodes 
I"  along  the  center  bore  starting  at  the  motor  mid-plane  and  moving  aft: 

positive,  positive,  negative,  negative,  positive,  .negative.  For  the  203 
Hz  fxo  mode,  only  one  or  two  nodes  define  each  half  wave  of  the  mode  shape 
I along  the  center  bore.  Since  less  than  three  nodes  per  half  wave  are 

I available  to  define  the  mode  shape,  we  conclude  that  the  mode  shape 

‘ accuracy  provided  by  the  half  grain  model  deteriorates  above  approxi-  « 

mately  200  Hz.  The  mode  shapes  for  the  asymmetric  boundary  conditions 
I shown  in  Figure  26  appear  to  be  of  approximately  equal  quality  with  those 

h shown  in  Figure  25.  The  higher  frequency  mode  shapes  shown  in  Figure  27 

t are  definitely  of  inferior  quality.  Several  twisting  modes  are  shown  and 

many  of  the  uniform  modes  have  only  one  node  to  define  a half  wave  of  the 
deformed  shape. 

r • ' 
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The  conclusion  that  the  accuracy  of  results  obtained 
from  the  half  grain  model  deteriorates  for  frequencies  above  200  Hz  needs- 
to  be  clarified.  Obviously  the  mode  shapes  obtained  from  real  eigenvalue 
analyses  of  the  model  will  be  inaccurate  for  natural  frequencies  above 
about  200  Hz.  However,  the  main  use  of  a grain  model  is  for  frequency 
response  analysis.  For  frequency  response  analyses,  the  200  Hz  fre- 
quency limitation  would  apply  only  if  the  loading  distribution  were  such 
that  modes  like  f]_o  in  Figure  25  would  be  excited.  For  frequency  re- 
sponse analyses,  it  is  recommended  that  response  modes  be  examined  and 
judged  for  each  different  loading  distribution  and  each  different  frequency. 
To  estimate  the  grid  refinement  required  for  the  grain  before  the  model  is 
constructed,  the  response  modes  must  be  estimated.  The  loading  distribu- 
tions to  be  applied  and  the  natural  mode  shapes  shown  in  Figures  25,  26, 
and  27  can  be  used  as  a guide.  To  provide  one  additional  result  to  guide 
estimation  of  response  modes,  the  response  of  the  grain  surface  along  the 
center  bore,  to  the  Lj  acoustic  mode  at  770  Hz,  is  plotted  in  Figure  29. 

4)  Coarse  Grain  Grid  Model 


The  response  of  the  coarse  grid  model  compares  quite  well 
with  the  response  of  the  regular  grid  model  considering  that  the  grain 
representations  are  very  different  between  the  two  models  (see  Figure  28). 
As  shown  in  Table  5,  the  radial  displacement  at  the  wye  joint  was  under- 
estimated by  the  coarse  grid  model  by  about  21%.  The  axial  displacement 
at  the  aft  adapter  where  the  components  are  mounted  was  underestimated  by 
the  coarse  grid  model  by  about  17%.  The  largest  percentage  error  for  the 
data  shown  in  Table  5 occurs  at  node  145  .where  the  coarse  grid  underesti- 
mates the  deflection  by  86%.  For  the  particular  frequency  and  load  distri- 
bution used  in  these  comparison  analyses,  the  coarse  grid  generally  under- 
estimates the  response.  With  a different  loading  distribution  and  a dif- 
ferent frequency,  the  coarse  grid  might  be  found  to  over-estimate  the 
response. 


The  data  shown  in  Table  5 were  provided  to  assist  the 
analyst  in  making  decisions  about  the  use  of  coarse  grids.  The  degree  of 
grid  refinement  to  be  used  in  the  grain  model  must  br  selected  based  on  the 
following  considerations:  (1)  the  shape  of  the  loading  function,  (2)  the 

frequency  range  to  be  covered,  and  (3)  the  limited  degrees  of  freedom 
available  to  maintain  reasonable  computer  run  times  and  analysis  costs. 

The  coarse  grid  versus  regular  grid  comparisons  were  obtained  by  analyzing 
single  slice  models  with  symmetry  boundary  conditions,  (cyclic  symmetry  was 
not  used) . The  coarse  grid  analysis  required  about  9 minutes  CPU  time  while 
the  regular  gr^d  required  about  15  minutes  CPU  time.  The  difference  would 
be  considerably  larger  for  a full  cyclic  symmetry  analysis. 

E.  Conclusions  and  Recommendations 


Results  presented  from  this  grid  refinement  study  have  provided 
a valuable  insight  into  the  structural  dynamic  behavior  of  the  motor  model. 
The  results  should  also  be  valuable  for  reference  when  decisions  must  be 
made  regarding  degree-of-grid-ref inement  to  be  used  in  a particular  finite 
element  model. 
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Based  on  the  results  of  the  grid  refinement  study  as  well  as 
other  experience  gained  during  the  coarse  of  the  Component  Vibration 
program,  the  following  recommendations  are  made  regarding  selection  of 
grid  refinement; 

1)  Consider  the  loading  distribution  with  the  shortest  half 
wave  length,  (usually  the  highest  frequency  acoustic 
mode).  Plan  to  use  6 nodes  along  each  half  wave  length 
of  the  loading  distribution.  The  loading  distribution 
may  cause  a response  of  modes  with  higher  harmonics.  If 
the  response  mode  has  a half  wave  length  one-half  that  of 
the  loading  distribution  half  wave  length,  then  3 nodes 
will  be  available  for  each  half  wave  of  the  response. 

2)  Concentrate  first  on  getting  adequate  grid  refinement  for 
the  domes  where  the  components  are  attached.  The  domes 
are  the  most  important  parts  of  the  model  when  component 
response  is  desired. 

3)  If  sufficient  degrees  of  freedom  are  not  available,  a more 
coarse  grain  representation  should  be  considered.  If  a 
coarse  grain  model  is  found  to  be  desirable,  an  attempt 
should  be  made  to  use  more  nodes  around  the  grain  boundaries 
and  fewer  nodes  in  the  grain  center.  This  will  provide  more 
nodes  for  a better  definition  of  the  loading  function  and 
more  nodes  for  interfacing  between  the  grain  and  case. 

Figure  30  shows  some  recommended  configurations  for  concen- 
trating the  nodes  around  the  boundaries.  No  results  avt 
available  for  the  recomir.ended  grid  configurations. 

4)  Results  from  the  aft  dome  model  analyses  indicated  that  a 
slice  smaller  than  15'"^  would  be  desirable.  In  a cyclic 
symmetry  analysis,  the  size  of  the  slice  is  usually  deter- 
mined by  the  number  of  slots  in  the  grain.  It  is  recom- 
mended that  extra  slots  be  introduced  in  the  model  if 
necessary  to  obtain  a single  slice  smaller  than  13*^.  For 
example,  a motor  with  6 slots  could  be  analyzed  as  though 
it  had  12  slots  so  that  a 15°  slice  could  be  used  as  a 
model,  or  24  slots  could  be  used  to  obtain  a slice 
model. 

The  recommendations  made  here  are  based  on  experience  gained  in 
analyzing  the  C-3  Second  Stage  Poseidon  motor.  The  Poseidon  motor  has 
unbonded  domes.  For  a motor  with  bonded  domes  or  other  major  differences, 
different  modeling  procedures  may  be  desirable.  The  modeling  recommendations 
given  here  are  only  intended  to  provide  guidelines  that  must  be  modified  or 
tailored  to  fit  a specific  different  situation. 
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TWISTING  MODE 


Figure  21.  Poseidon  C-3  Second  Stage  Aft  Dome  Mode  Shanes  for  the  Ninth  through 
Eighteenth  Natural  Modes 
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Figure  22.  Poseidon  C-3  Second  Stage  Aft  Dome  Mode  Shapes  with  Sketches  Showing 
Twisting  Type  Modes 
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NOZZLE  - DOME  MODE 


Figure  24. 


Poseidon  C-3  Second  Stage  Aft  Dome  Mode 
Slice  Finite  Element  Model. 


Shapes  Using  a 5' 


Figure  29.  Response  of  the  Poseidon  s/S  Grain  *'long  the  Centerbore  to  the  770  Hz 
L3  Acoustic  Mode 
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APPENDIX  G 

EXTRACTS  FROM  R&D  MONTHLY  STATUS  REPORTS 

1.  Extracted  from  20  December  1975  Monthly  R&D  Status  Report 

2.  Extracted  from  18  May  1973  Monthly  R&D  Status  Report 

3.  Extracted  from  20  January  1975  Monthly  R&D  Status  Report 

4.  Extracted  from  20  July  1975  Monthly  R&D  Status  Report 

5.  Extracted  from  20  May  1975  Monthly  R&D  Status  Report 

6.  Extracted  from  20  August  1975  Monthly  R&D  Status  Report  j 

7.  Extracted  from  20  November  1974  Monthly  R&D  Status  Report 

8.  Extracted  from  30  March  1974  Monthly  R&D  Status  Report 

Extracted  from  20  April  1974  Monthly  R&D  Status  Report 

10,  Extracted  from  20  September  1974  Monthly  R&D  Status  Report 
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ANALYSIS  OF  ACCELEROMETER  AND  PRESSURE  GAGE 
DATA  FROM  THREE  S/S  POSEIDON  STATIC  FIRINGS 


I.  INTRODUCTION 

Data  recorded  daring  static  firings  and  stored  on  FM  magnetic  tapes 
for  motors  SP-0131,  SP-0149,  and  SP-0160  were  analyzed  through  the  Quan 
Tech  wave  analyzer.  Data  from  these  motors  was  selected  for  analysis 
because  each  firing  was  conducted  with  several  accelerometers  mounted  on 
the  motor  structure  and  the  flight  hardware  at  various  points.  The 
objective  of  this  data  analysis  work  was  to  characterize  the  response  of 
the  structure  with  respect  to  the  amplitudes  of  the  acoustic  pressure 
modes.  A special  Kistler  pressure  gage  was  used  in  each  firing  to  measure 
the  amplitude  of  the  pressure  oscillations.  Data  from  the  Kistler  pressure 
gage  were  reduced  for  motor  SP-0115.  However,  since  significant  pressure 
oscillations  were  not  evident  at  most  frequencies  of  interest,  the 
corresponding  accelerometer  data  were  not  reduced  for  motor  SP-0115. 

Finite  element  models  are  analyzed  to  determine  how  a rocket  motor 
structure  responds  to  pressure  oscillations  that  occur  in  the  motor's 
combustion  cavity.  To  assess  the  validity  of  the  structural  analyses, 
calculated  results  can  be  compared  with  data  from  actual  static  firings. 
This  report  presents  a compilation  of  static  firing  data  that  were  reduced 
especially  for  the  purpose  of  making  such  comparisons.  The  static  firing 
data  were  reduced  for  use  in  the  RPL  Component  Vibration  Program, 

AF  contract  F04611-73-C-0025. 

The  computer  analysis  of  finite  element  models  yields  accelerations 
at  nodal  points.  The  nodal  accelerations  represent  the  structural  response 
to  a particular  pressure  distribution  loading  function,  (i.e.,  a particular 
acoustic  mode),  at  a particular  frequency.  By  contrast,  the  accelerometer 
data  from  a static  firing  represents  the  response  of  the  actual  motor 
structure  to  a number  of  different  leading  systems.  The  loading  systems 
include  the  harmonic  acoustic  pressure  oscillations  that  are  due  to 
resonance  of  the  gas  column  in  the  combustion  cavity,  (i.e.,  a particular 
acoustic  mode  as  discussed  above),  as  well  as  several  ill-defined  loading 
systems.  The  loading  systems  that  are  not  well  defined  include  noise 
excitation  (i.e.,  broad  frequency  band  excitation)  due  to  flow  in  the  motor 
proper  and  especially  due  to  flow  through  the  nozzle  and  reflections  of 
acoustic  noise  from  the  ground  and  other  surfaces  in  the  static  firing  bay. 
Also,  igniter  operation  during  the  first  1/2  second  of  burn  time  is  a 
source  of  structural  excitation. 

In  addition  to  the  fact  that  response  data  includes  various  sources 
of  excitation,  one  factor  that  must  be  considered  in  comparing  analysis 
results  with  firing  data  is  the  shifting  frequency  characteristic  of  most 
acoustic  modes.  As  the  burning  surface  in  a rocket  motor  advances  into 
the  grain,  the  geometry  of  the  combustion  cavity  changes  sufficiently  to 
cause  a gradual  change  in  the  frequency  for  a particular  mode.  The  routine 
data  analysis  procedure  used  by  Hercules,  calls  for  use  of  the  Quan  Tech 
wave  analyzer  in  the  tracking  mode  to  follow  the  peak  response  amplitude 
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for  a particular  mode  as  the  frequency  shifts  throughout  the  firing.  For 
reasons  discussed  below,  the  analyses  reported  here  used  a fixed  rather 
than  tracking  filter  mode. 

* To  obtain  data  for  comparison  with  analysis  results,  the  FM  tapes 
containing  accelerometer  and  pressure  gage  information  were  played  through 
the  Hercules  Quan  Tech  wave  analyzer.  Only  the  first  10  seconds  of  the 
firing  were  analyzed  since  past  experience  has  shown  that  most  acoustic 
pressure  oscillation  activity  occurs  during  that  time.  Filter  bandwidths  of 

» both  10  and  100  Hz  were  used  since  both  proved  to  be  useful  at  different 

times.  The  filter  was  set  at  a particular  frequency  and  the  rms  output 
from  the  filter  was  plotted  as  a function  of  time.  A constant  frequency 
was  used  because  tht.  structural  analysis  technique  (NASTRAN) , is  only 
capable  of  producing  steady  state  response  at  a particular  frequency. 

The  analysis  could  be  repeated  for  a series  of  frequencies  to  represent 
the  shifting  frequency  but  this  procedure  would  be  too  expensive. 

II.  TRANSDUCER  LOCATIONS 

Locations  of  accelerometers  on  the  forward  dome  were  the  same  for 
all  four  motors  as  shown  in  Figure  1.  Accelerometers  AC-404  and  AC-405 
were  mounted  on  the  forward  closure  adapter  ring  as  shown  in  the  figure. 

The  Kistler  pressure  gage  tap  was  through  the  forward  closure.  The  Kistler 
pressure  gage  is  denoted  as  PT-5.  Locations  of  accelerometers  on  the 
aft  dome  are  indicated  in  Figures  2,  3,  and  4 for  motors  S.P-0131,  SP-0149, 

Ad  SP-0160,  respectively. 

III.  DATA  ANALYSIS  APPROACH 

Data  from  each  of  the  three  firings  were  analyzed  at  frequencies  of 
281,  634,  680,  770,  and  1327  Hz.  These  frequencies  were  selected  because 
they  correspond  to  frequencies  for  which  the  motor  has  been  analyzed  using 
NASTRAN.  The  selected  frequencies  also  correspond  to  acoustic  modis  that 
were  previously^  determined  to  commonly  occur  in  the  motor. 

Results  from  the  Quan  Tech  analyses  are  shown  in  Figures  5 through  22. 

An  x-y  plotter  was  used  to  plot  the  rms  pressure  and  acceleration  levels 

from  the  Quan  Tech  analyzer.  The  rms  values  have  been  converted  to  zero-lo-peak 

values.  The  peak  values  are  denoted  on  each  plot  at  points  of  interest. 

Each  figure  (except  Figure  22)  shows  the  results  from  using  both  10  Hz  and 
100  Hz  filter  bandwidths.  An  averaging  time  constant  of  0.1  seconds  was 
used  in  all  analyses. 

For  each  analysis,  three  accelerometer  channels  were  plotted  directly 
above  the  corresponding  pressure  gage  response.  Thus  it  is  easy  to  see 
when  the  accelerometers  respond  at  the  same  time  and  in  the  same  way  as 

• the  pressure  gage  responds.  Each  analysis  was  limited  to  one  pressure  plot 
and  three  accelerometer  plots  to  avoid  c.:owding  or  overlapping  of  the 
curves  on  a single  plot.  The  total  number  of  plots  or  analyses  performed 
was  limited  by  the  time  and  budget  allotted  for  this  data  analysis  task. 

For  each  motor,  the  three  accelerometers  judged  to  bf  most  useful  for  making 

' comparisons  with  the  finite  element  model  were  selected  for  analysis.  The 

accelerometers  selected  were  those  mounted  on  the  forward  or  aft  adapters 
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measuring  longitudinal  structural  response.  An  extra  set  of  three 
accelerometers  was  selected  on  motor  SP-0160  to  measure  component*  response. 
The  component  accelerometers  were  analyzed  at  frequencies  of  281,  680, 

7?0,  and  1327  Hz, 

It  may  seem  odd  that  more  attention  was  not  paid  to,  analysis  of 
component  response.  However,  it  is  prediction  of  motor  structural  response 
with  components  attached  that  is  of  prime  interest  rather  than  response 
of  the  components  themselves. 

IV.  DATA  ANALYSIS  RESULTS 

The  results  from  the  Quan  Tech  analyses  are  displayed  in  Figures  5 
through  22.  Nearly  all  of  the  curves,  regardless  of  location  or  frequency 
represented,  exhibit  an  initial  peak  near  the  zero  to  one  second  time  range. 
These  Initial  peaks  are  probably  caused  by  igniter  operation  (duration  is 
about  1/2  second)  and  by  events  that  occur  during  motor  ignition.  Even 
though  peaks  in  the  pressure  trace  occur,  it  is  believed  that  no  distinct 
particular  acoustic  modes  occur  in  the  combustion  cavity  during  the  ignition 
interval.  Therefore,  the  initial  response  peaks  have  been  ignored  in  the 
following  data  analyses. 

The  following  observations  have  been  made  regarding  the  data  plotted 
in  Figures  5 through  22. 

(a)  Some  records  did  not  show  any  significant  response  for  the 
10  second  interval  plotted  other  than  during  the  ignition 
interval. 

(b)  Accelerometers  mounted  on  the  aft  dome  are  generally 
significantly  more  noisy  than  forward  dome  accelerometers. 

The  noise  is  probably  due  to  the  high  velocity  flow  of 
hot  gases  through  the  nozzle. 

(c)  Peaks  in  the  response  curves  plotted  for  the  100  Hz  filter 
are  often  missed  entirely  in  the  corresponding  analysis 
using  the  10  Hz  filter.  (For  example,  see  Figure  15). 

(d)  When  a relatively  "clean"  accelerometer  response  is  shown 

for  a clean  peak  in  the  pressure  trace  for  the  10  Hz  analysis, 
the  corresponding  100  Hz  analysis  may  indicate  a noisy  or 
irregular  response  indicating  that  the  100  Hz  bandwidth 
filter  is  passing  response  data  for  excitation  other  than 
the  acoustic  pressure  oscillation.  (An  example  is  shown 
in  Figure  19). 

(e)  At  times,  peak  responses  are  shown  on  the  accelerometer 
plots  when  no  corresponding  peak  occurs  in  the  pressure 
plot.  This  indicates  that  the  structure  is  responding,  at 
the  analysis  frequency,  to  excitation  other  than  acoustic 
pressure  oscillations.  (See  Figure  15  between  6.0  and  7.0 
seconds) . 


*The  components  of  interest  on  the  S/S  Poseidon  motor  are  the  Flight 
Electronics  Package,  the  Hydraulic  Power  Unit,  and  the  Gas  Generator, 
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(f)  Forward  dome  accelerometers  seem  to  be  more  -sensitive  to 
the  pressure  oscillations  than  aft  dome  accelerometers. 

Some  response  peaks  detected  on  the  forward  dome  were  not 
present  in  the  aft  dome  response  data.  (See  Figures  10  and  15). 

It  is  evident  from  the  above  observations  that  either  the  10  Hz  or 
the  100  Hz  filter  can  provide  the  more  appropriate  data  depending  on  the 
particular  situation.  Therefore,  results  from  both  filters  were  used  in 
the  data  analyses. 

Many  of  the  curves  in  Figures  5 through  22  appear  to  show  nicely  how. 
the  acceleromeiars  respond  to  an  acoustic  mode.  For  example,  the  100  Hz 
analysis  shown  in  Figure  6 shows  a +0.16  psi  pressure  oscillation  for 
PT-5  at  about  3.7  seconds.  The  accelerometers  AC-261,  AC-404,  and  AC-405 
respond  with  + 3.74  g's,  + 5.00  g's,  and  + 3,29  g's  respectively.  The 
shapes  of  the  accelerometer  response  plots  between  3.5  and  4.5  seconds 
are  similar  to  the  shape  of  the  PT-5  pressure  curve  over  the  same  time 
interval.  The  similarity  of  curve  shapes  gives  us  added  confidence  that 
the  transducers  are  all  responding  to  the  same  excitation.  The  peak  in 
the  pressure  trace  at  about  3.7  seconds  is  assumed  to  occur  because  of  an 
acoustic  pressure  oscillation  in  the  first  natural  mode  for  the  cavity. 

A review  of  Reference  2 and  the  Quan  Tech  analysis  results  shown  therein, 
would  show  that  peaks  in  the  response  curves  similar  to  those  discussed, 

(Figure  6),  would  be  expected  to  result  from  acoustic  pressure  oscillations. 

To  obtain  response  data  that  can  be  compared  with  analysis  data,  the 
accelerometer  peak  g levels  were  divided  by  the  peak  pressure  levels.  The 
ratio  is  called  a "transfer  number"  with  units  of  (g's/psi).  The  transfer 
number  thus  indicates  the  accelerometer  response  that  would  correspond  to 
a pressure  oscillation  of  unit  magnitude,  All  transfer  numbers  that 
appeared  to  be  reasonably  representative  have  been  calculated  and  are 
listed  in  Table  I. 


V.  CONCLUSIONS 

There  is  considerable  variation  in  the  transfer  numbers  shown  in 
Table  I.  For  example,  six  different  values  for  TN2  for  the  680  Hz  mode 
cover  the  range  from  1,22  to  13.28  g's/psi.  Large  variations  were  not 
unexpected.  Rather,  large  variations  are  typical  of  vibration  data  from 
rocket  motors. 


The  transfer  numbers  shown  in  Table  I will  be  useful  for  evaluating 
:esults  from  the  NASTRAN  finite  element  analyses. 
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FIGURE.  1 -ACCELEROMETER  LOCATIONS  ON  THE  FORWARD 
DOME  OF  POSEIDON  S/S  MOTORS  SP-0115’, 
5P-0\3l  . 5P-0149  . AND  SP-0160. 
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Figure  5,  Filtered  Pressure  Gege  and  Accelerometer  Response 

for  Poseidon  S/S  Motor  SP-0131.  (Quan  Tech  Analyses 
at  F = 281  Hz  with  Filter  Bandwidths  of  10  and  100  Hz) 


Figure  7.  Filtered  Pressure  Gage  and  Accelerometer  Response  for  Poseidon 
s/s  Motor  SP-0160.  (Quan  Tech  Analyses  at  F = 281  Hz  with 
Filter  Bandwidths  of  10  and  100  Hz) 


Figure  10.  Filtered  Pressure  Gage  and  Accelerometer  Response  for  Poseidon 
s/s  Motor  SP-016C.  (Quan  Tech  Analyses  at  F = 634  Hz  with 
Filter  Bandwidths  of  10  and  100  Hz) 


Figure  12,  Filtered  Pressure  Gage  and  Accelerometer  Response  for  Poseidon 
S/S  Motor  SP-0149.  (Quan  Tech  Analyses  at  F = 680  Hz'  with 
Filter  Bandwidths  of  10  and  100  Hz) 
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Figure  14.  Filtered  Pressure  Gage  and  Accelerometer  Response  for  Poseidon 
s/s  Motor  SP-0160.  (Quan  Tech  Analyses  at  F = 680  Hz  with 
Filter  Bandwidths  of  10  and'  100  Hz) 
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Figure  17.  Filtered  Pressure  Gage  and  Accelerometer  Response  for  Poseidon 
s/s  Motor  SP-0160.  (Quan  Tech  Analyses  at  F = 770  Hz  with 
Filter  Bandwidths  of  10  and  100  H'^) 
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Figure  18.  Filtered  Pressure  Gage  and  Accelerometer  Response  for  Poseidon 
s/s  Motor  SP-0160.  (Quan  Tech  Analyses  at  F = 770  Hz  with 
Filter  Bandwidths  of  10  and  100  Hz) 


Figure  20,  Filtered  Pressure  Gage  and  Accelerometer  Response  for  Poseidon 
s/s  Motor  SP-01A9,  (Quan  Tech  Analyses  at  F = 1327  Hz  with 
Filter  Bandwidths  of  10  and  100  Hz) 
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Figure  21.  Filtered  Pressure  Gage  and  Accelerometer  Response  for  Poseidon 
s/s  Motor  SP-0160.  (Quan  Tech  Analyses  at  F = 1327  Hz  with 
Filter  Bandwidths  of  10  and  100  Hz) 
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I.  INTRODUCTION 

Acceptable  error  limits  for  component  vibration  levels  predicted 
by  dynamic  structural  analyses  must  be  established.  The  error  limits 
will  be  used  to  judge  the  accuracy  of  analysis  results  when  compared 
with  accelerometer  data  from  static  firings.  The  error  limits 
established  in  this  task  will  be  re-evaluated  in  Task  5 and  modified 
if  necessary.  Finally,  the  nrror  limits  will  be  used  in  Task  8 to 
judge  the  quality  of  various  simplified  models.  This  report  covers 
the  rationale  and  the  data  analysis  upon  which  the  established  error 
limits  arc  based  and  presents  numerical  values  for  the  proposed  error 
limits . 


II.  ERROR  LIMIT  RATIONALE 

Due  to  the  nature  of  this  problem,  the  established  error  limits 
roust  be  based  on  a statistical  approach.  There  are  two  aspects  to  the 
problem  which  can  be  considered  separately; 

a.  Given  a population  of  similar  rocket  motors,  the 
acceleration  response  at  a particular  location  on  a 
motor  selected  at  random  will  have  a particular 
statistical  distribution.  A knowledge  of  the 
distribution  would  be  useful  to  answer  questions  such 
as,  "How  close  to  the  mean  would  95%  of  the  samples 
from  such  a population  lie?" 

b.  A finite  element  model  constructed  to  represent  an 
actual  motor  must  always  be  based  on  certain 
simplifying  assumptions.  In  the  model,  geometry, 
material  properties,  and  loads  are  all  idealized. 

The  accuracy  with  which  a mathematical  model  can 

« represent  a physical  motor  must  be  considered  in 

comparing  analytical  results  with  data  obtaioud  from 
the  physical  motor. 

In  this  report,  contributions  to  the  error  limits  due  to  item  no.  b., 
listed  above,  are  ignored.  This  is  equivalent  to  assuming  that  the 
finite  element  model  provides  an  exact  representation  of  the  physical 
motor.  The  fact  that  error  limits  based  on  item  no.  b.  tend  to  be 
very  broad  is  offered  as  partial  justification  for  ignoring  item  no.  b. 
at  this  time.  Effects  of  item  no.  b.  will'  be  estimated  and  incorporated 
in  the  error  limits  in  Task  5 if  deemed  necessary. 

Since  item  no,  b.  is  being  ignored,  results  from  the  finite  element 
models  are  assumed  to  represent  mean  values,  m.  Error  limits  about  m 
are  then  based  on  results  from  statistical  analyses  of  static  firing 
data.  The  statistical  analyses  yield  an  estimate  of  the  standard 
deviation,  a,  for  a given  acceleration  response.  Assuming  a normal 
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distribution,  957.  of  the  response,  r,  values  obtained  by  choosing  a 
static  firing  motor  at  random,  would  fall  in  the-range; 


ta  “ 1.96s  i r £ m + 1.96s 


However,  the  lower  side  of  the  range  is  of  little  interest  since  wa 
are  mainly  concerni.  i with  exceeding  allowable  values.  Therefore,  we 
can  establish  one-sided  ranges: 

Percentage  of  Values  Range 

in  Range (error  limits) 

957.  r £ m + 1.65s 

997.  r m + 2.4s 

99.877.  r m + 3.0s 

To  use  the  error  limits  given  above,  a value  for  m is  obtained  from 
a finite  element  analysis  and  a value  of  s is  obtained  from  a statistical 
analysis.  The  error  limits  then  state  that,  for  example,  957.  of  the 
response  levels  (r) , measured  during  static  firing  tests  should  fall 
below  m + 1.65s.  Results  from  statistical  analyses  providing  recommended 
values  for  s are  given  in  the  next  section. 

III.  STATISTICAL  ANALYSIS  OF  STATIC  FIRING  DATA 

Meet  static  firings  of  Poseidon  C3  S/S  motors  have  been  conducted 
with  at  least  two  "standard  location"  accelerometers  and  a Kistler 
pressure  gage  set  p to  measure  pressure  oscillation  amplitude.  The 
two  "standard  locations"  are;  1)  the  forward  adapter  ring,  and  2)  a 
TT  port. 

For  each  static  firing,  a Quan-Tech  analysis  is  performed  on  the 
pressure  and  accelerometer  data  by  setting  the  Quan-Tech  analyzer  to 
track  at  a certain  frequency.  An  oscillograph  record  is  thus  made 
showing  amplitude  versus  firing  time  for  the  portion  of  the  signal  near 
the  pre-set  tracking  frequency.  Tracking  frequencies  .of  interest  used 
are  250,  670,  750,  1300  and  2000  Hz.  The  tracking  filter  bandwidth 
is  100  Hz,  To  reduce  the  data  for  firing  reports,  the  maximum  values 
recorded  during  a firing  are  listed  in  tabular  form  and  are  included  in 
each  firing  report.  An  example  of  a firing  report  data  table  is  given 
in  Table  I.  The  statistical  analysis  discussed  in  this  section  is  based 
on  all  data  available  from  static  firing  reports.  From  18  to  44  data 
points  were  available  per  condition. 

To  detect  and  document  the  correlation  between  acceleration 
response  amplitude  and  pressure  oscillation  amplitude,  linear 
regression  analyses  were  performed  on  the  static  firing  data.  The 
estimated  regression  equation  of  acceleration  (y)  on  pressure  (x)  is; 


y“y  + b(x-x) 
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250  Hz  and  670  Kz  modes  could  not  be  evaluated  on  the  Kistler  pressure  gage 
to  noise.  , 


Values  of  the  coefficient  b were  calculated  for  each  location  and  fre- 
quency as  shown  on  Table  II.  The  F statistic  .was  then  used  to  tes.t 
'the  hypothesis  that  the  real  b is  not  significantly  different  from 
zero.  Values  for  the  calculated  F and  critical  values  of  Fc  are  shown 
on  Table  II.  The  critical  Fc  values  shown  are  for  significance  at  the 
5%  level.  The  F-ratio  test  indicates  that  significant  correlation 
between  pressure  oscillation  amplitudes  and  acceleration  response 
amplitudes  exists  only  for  conditions  A,  B,  F,  and  I (F  > Fc) . The 
correlation  is  particularly  .significant  at  either  location  at  the  250  Hz 
oscillation  frequency. 

The  variance  about  -the  regression  line,,  s^,  was  also  calculated 
for  each  condition  and  is  given  in  Table  II.  The  large  variance  of 
1414  obtained  for  condition  I appears  to  be  unreasonably  large  compared 
to  the  other  values  in  Table  II.  Therefore,  data  from  three  questionable 
firings  including  the  high  and  the  low  were  deleted  and  another  analysis 
was  performed.  Results  based  on  the  corrected  data  are  shown  in 
parentheses  in  Table  II,  The  new  analysis  resulted  in -a  variance  of 
543. 


The  mean  values  for  the  £ressure  oscillation  amplitude  (x) , the 
mean  acceleration  amplitude  (.y) , and  the  standard  deviation  (s)  are 
shown  in  Table  II.  There  is  considerable  variation  in  the  s values 
shown.  To  display  the  data  on  a more  uniform  basis,  the  coefficient  of 
variation  (c.o.v.)  was  calculated  (c.o.v.  = s/y),  for  each  condition 
as  shown  in  Table  II.  Using  the  values  for  n and  c.o.v.  given  in 
Table  II,  a weighted  ave>  ige  for  the  c.o.v.  was  calculated  (c.o.v.)avg  = 
0.569. 


IV.  ESTABLISHMENT  OP  ERROR  LIMITS 

To  define  error  limits  for  different  confidence  levels,  the  error 
limits  given  in  Section  II  can  be  rewritten  in  terms  of  the  coefficient 
of  variation; 

Confidence  Level  Range 

95%  r £ (1.  + 1,65  c.o.v.)  m 

99%  r £ (1.  + 2.40  c.o.v.)  m 

99.877,  r S (1.  + 3,00  c.o.v.)  m 

Using  the  average  value  of  0,569  for  the  c.o.v.,  the  following  error 
limits  are  established; 

Error 

Confidence  Level  Limits 

95%  r £ 1.94  m 

99%  r £ 2.36  m 

99.87%  r s 2.71  m. 
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The  error  limits  are  to  be  used  as  follows  in  judging  the  accuracy 
of  the  finite  element  models; 

a.  Calculate  a response  acceleration  using  a finite 
element  model.  For  example,  suppose  a response  of 
m =■  10  g's  is  calculated  for  a point  of  interest  on 
the  model. 

b.  Compare  available  data  with  the  calculated  m value  by 
using  the  error  limits.  To  continue  the  example, 
suppose  that  the  following  (fictitious)  data  are 
available  from  five  different  static  firings: 

ri  = 12  g's 

r2  = 7 g's 

r^  ° 13  g's 

= 19  g's 

• rs  = 16  g's 

If  the  model  provides  a reasonably  accurate  representation  of  the 
motor,  then  95%  of  the  observed  response  (r)  values  should  satisfy 
the  inequality; 

r ^ 1.94  m = 19.4  g's 

In  our  example,  all  five  available  tost  data  points  satisfy  the  inequality, 
so  we  conclude  that  the  finite  element  model  is  satisfactory. 

V.  CONCLUSIONS 

The  complete  statistical  characterization  of  a rocket  motor  with 
regard  to  vibration  response  and  pressure  oscillation  amplitude  is  a 
difficult  and  complicated  task.  The  response  of  the  motor  is  affected 
by  many  variables  which  are  difficult  to  identify  and  quantify,  and  the 
characterization  is  complicated  by  the  fact  that  many  variables  and 
responses  of  interest  are  functions  of  time.  In  the  present  program, 
the  establishment  of  error  limits  is  a small  part  of  the  total  effort 
and  can  therefore  only  be  allotted  a small  part  of  the  total  time. 
Therefore,  the  problem  has  been  simplified  and  error  limits  have  been 
proposed  that  appear  to  be  reasonable  based  ..n  presently  available 
data. 
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STUDY  ON  EFFECTS  OF  USING  NASTRAN 
WEDGE  ELEMENTS  IN  A 


FINITE  ELEMENT  MODEL 


STUDY  ON  EFFECTS  OF  USING  NASTRAN  WEDGE  ELEMENTS  IN  A 
FINITE- ELEMENT  MODEL  OF  THE  S/S  POSEIDON  MOTOR 


I.  INTRODUCTION 

Wedge  elements  have  been  used  in  several  previous  analyses.  Aerojet 
Corporation  has  utilized  NASTRAN  wedge  elements  in  its  modeling  of  a T/S 
Minuteman  motor.  Hercules,  also,  has  implemented  wedge  elements  in  the 
cyclic  symmetry  modeling  of  a S/S  Poseidon  motor. 

During  the  evaluation  of  one  of  the  models  of  the  S/S  Poseidon  motor, 
it  was  observed  that  symmetric  loading  conditions  produced  asymmetric 
deformations.  A thorough  examination  of  boundary  and  loading  conditions 
produced  no  explanation.  As  a natural  progression  of  the  investigation,  a 
study  was  initiated  to  isolate  the  cause-effect  relationship  of  symmetric 
loading  and  asymmetric  deformations  problem.  The  investigation  started 
with  the  examination  of  various  NASTRAN  elements. 

II.  CHARACTERISTIC  OF  THE  INDIVIDUAL  WEDGE  ELEMENTS 

A.  Problem  Definition 


The  evaluation  of  the  various  types  of  elements  proceeded  with  the 
investigation  of  isolated  elements  with  symmetric  loading.  Using  MSC/NASTRW^ 
cyclic  symmetry,  several  models  were  created  of  a simple  cylinder  (see  Figure  1). 
Each  cylinder  was  one-inch  in  thickness  and  one-inch  in  width.  Each  cylinder 
with  a 5- inch  internal  radius,  had  a unit  force  of  one- pound  placed  on  the 
internal  corners  of  the  element.  Figure  2 displays  the  node  numbering  scheme 
used  in  the  analyses. 

Four  types  of  elements  were  investigated,  as  designated  by  the 
cylinders  labeled  A,  B,  C,  and  D (see  Figure  1).  Cylinder  A was  composed  of  a 
CHEXAl  element,  cylinder  B,  vjas  composed  of  CHEXA2,  cylinder  C was  created  from 
two  wedge  elements  and  cylinder  D was  composed  of  12  overlapping  wedge  elements. 

B.  Results 


The  results  of  the  analysis  showed  that  the  cylinder  composed  of 
two  symmetrically- loaded  wedge  elements,  case  C,  produced  an  asymmetric 
deformation.  In  addition,  case  A,  as  well  as  the  case  D,  the  CHEXAl  element, 
and  the  overlapping  wedge  elements,  respectively,  produced  asymmetric  deforma- 
tions. These  results  are  reflected  in  Table  I.  Because  the  elements  were 
symmetric  with  symmetric  loading,  it  was  expected  that  nodes  5,  6,  7,  8;  nodes 
13,  14,  15,  16;  nodes  21,  22,  23,  24;  and  nodes  29,  30,  31,  32  would  have 
identical  deformations  in  al]  ulrections.  This  was  not  observed  in  the  ring 
composed  of  CHEXAl,  the  two  wedge  elements,  or  the  12  overlapping  wedge 
elem.ents . 


It  can  be  concluded  that  the  cylinders  composed  of  the  two  wedge 
elements  and  the  12  overlapping  wedge  elements  were  unsatisfactory  fox  use 
in  modeling  of  asymmetrically  loaded  rocket  motors.  The  wedge  elements 
produced  deformations  which  were  not  physically  accurate  representations. 

The  two  wedge  elements  produced  deformations  which  were  as  much  as  478% 
greater  than  cylinders  composed  of  the  CHEXA2  element.  In  addition,  the 
deformations  were  not  uniform  around  a boundary.  The  12  overlapping  wedge 
elements  were  formed  himilarly  to  the  CHEXA2  element.  The  cylinder  composed  of 
the  12  overlapping  wedge  elements  produced  d^CjX”-.  Inns  which  were  a.,  much  as 
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TABLE  I 

COMPARISON  OF  DISPLACEMENT  FOR  VARIOUS  NASTRAN  ELEMENTS 

t 


1 

s Number 

r-Direction 

Type  Element 

'l 

5 1 

1.251360  X 10"^ 

CHEXAl 

6 

1.361747  X 10-5 

7 

1.361748  X 10"^ 

8 

1.251368  X 10-6 

13 

1.73782  X 10"5 

CHEXA2 

14 

1.73782  X 10"6 

15 

1.73782  X 10-6 

16 

1.73782  X 10-6 

21 

9.996527  X 10'^ 

Two  Wedge 

22 

8.981884  X 10-6 

Elements 

23 

1.122589  X 10-6 

24 

1.117386  X lO'^ 

29 

9.09438  X 10-6 

12  Overlapping 

30 

9.09438  X 10-6 

Wedge  Elements 

31 

9.39799  X 10-7 

32 

9.39799  X 10-7 

1 

440%  greater  than  the  CHEXA2  element. 

Because  of  the  magnitude  of  the  error  discovered,  it  became 
necessary  to  evaluate  the  significance  of  wedge  elements  used  in  the  modeling 
of  full-sized  motors. 

III.  EFFECTS  OF  WEDGE  ELEMEOTS  ON  FULL  MOTOR  MODEL  SOLUTIONS 

A.  Problem  Definition  and  Approach 

The  evaluation  of  the  effects  of  the  wedge  elements  on  full  motor 
model  solutions  required  the  generation  of  an  additional  model  which  contained 
no  wedge  elements.  In  order  to  facilitate  a comparison  of  results,  a full 
motor  model  was  created  by  altering  an  existing  model  by  the  removal  of  wedge 
elements.  For  the  purposes  of  identification,  the  full  motor  model  which 
contained  wedge  elements  shall  be  referenced  as  full  motor  w/wedges.  The  full 
motor  model  which  contained  no  wedge  elements  shall  be  referenced  as  full 
motor  w/o  wedges. 

The  full  motor  w/o  wedge  model  was  created  from  an  existing  model. 
This  was  accomplished  by  several  slight  modifications  including  the  re- 
definition of  two  wedge  elements  as  a CHEXA2  element  and  movement  of  two  nodes 
located  on  the  interior  of  the  grain.  Another  grain  modification  required 
the  deletion  of  two  nodes  at  one  location  and  the  addition  of  two  nodes  at 
another  location.  All  the  exterior  surfaces  of  the  case  and  propellant 
remained  the  same.  Finally,  wedge  elements  were  removed  from  the  bucket  by 
their  replacement  with  CHEXA2  elements  with  modified  properties.  Every 
effort  was  made  to  minimize  differences  between  the  two  models.  Figure  3 
shows  the  full  motor  model  w/o  wedges  which  was  created. 

Figure  4 shows  the  full  motor  model  with  wedges,  discussed  in 
previous  reports.  It  consists  of  CHEXA2,  CQUADl,  and  CWEDGE  elements.  The 
model  is  a 15  degree  slice  of  a motor.  All  solutions  utilize  SDAMP  in  the 
characterization  of  the  viscoelastic  properties  of  the  propellant.  The  full 
motor  w/o  wedges  has  identical  boundary  conditions  and  solution  techniques 
to  the  full  motor  w/wedges  model. 

B.  Results 


A series  of  comparative  runs  were  made  to  determine  the  effects  on 
deformation  of  wedge  elements  for  a variety  of  loading  conditions.  Both 
static  and  dynarais  solutions  were  obtained.  Static  solutions  were  completed 
for  one  pressure  distribution.  Dynamic  solutions  were  obtained  for  the  third 
longitudinal  mode  at  frequencies  of  10,  265,  500,  770,  and  1000  Hz.  Dynamic 
solutions  were  also  obtained  for  the  fourth  longitudinal  mode  at  365  Hz. 

The.*ve  'olutions  will  also  be  used  in  a study  on  the  effects  of  scalar  springs. 

The  static  analysis  solutions  were  obtained  for  one  set  of  loading 
and  boundary  conditions.  The  pressure  distribution  used  to  load  the  propellant 
core  was  third  longitudinal  acoustic  mode  at  one  instant  in  time.  Symmetry 
boundary  conditions  were  applied  to  both  the  0 degree  face  and  15  degree  face. 

For  the  static  analysis,  comparisons  were  made  at  various  locations - 
in  the  propellant,  case,  and  bucket.  It  was  observed  that  the  deformations 
of  the  full  motor  w/o  wedges  produced  symmetric  deformations  and  rotations; 
this  was  not  observed  in  the  full  motor  w/wedges.  Comparisons  of  the  two 
models  at  various  locations  were  shown  in  Table  II. 
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Several  conclusions  can  be  made  from  the  comparison  of  static 
solutions  of  the  full  motor  models  with  and  without  wedges.  First,  the  wedge 
elements'  produce  non- symmetric  deformations.  The  asymmetry  is  slightly  greater 
on.  the  0 degree  face  than  the  15  degree  face,  which  is  consistent  with  observa- 
tion of  the  single  wedge  element.  Secondly,  the  percent  difference  in  the 
models  is  a function  of  distance  from  the  wedge  element,  as  the  distance 
becomes  greater  the  difference  becomes  less.  Next,  because  of  the  case  stiffness 
the  effect  of  wedge  elements  is  less  severe  in  the  aft  and  forward  domes  than 
in  the  propellant.  The  maximum  difference  between  models  in  the  case  is  240% 
in  the  radial  direction  and  80%  in  the  z-direction.  Note,  however,  that  the 
240%  difference  for  the  r-direction  is  for  a small  displacement  magnitude  when 
compared  to  the  z-direction  displacement.  The  conclusion  is  that  the  wedge 
element  has  a significant  effect  upon  the  static  solutions.  Because  of 
the  differences,  it  became  necessary  to  evaluate  the  effects  of  the  wedge 
elements  upon  dynamic  solutions. 

The  dynamic  solutions  were  performed  for  several  conditions. 

Symmetry  boundary  conditions  were  applied  along  both  0 and  15  degree  faces 
of  the  models.  The  fourth  longitudinal  mode,  L-4,  was  analyzed  at  365Hz. 

Analyses  were  performed  at  frequencies  of  10,  265,  500,  770  and  1000  Hz  with 
the  third  longitudinal  mode,  L-3,  pressure  distribution. 

Several  general  observations  were  made  pertaining  to  the  dynamic 
solutions.  These  are  listed  below: 

1.  For  both  the  third  and  fourth  longitudinal  modes,  the 
full  motor  w/o  wedges  produced  displacement  amplitudes 
which  were  less  than  the  full  motor  w/wedges.  This  was 
consistent  with  observation  of  the  individual  wedge 
elements  described  in  the  previous  section. 

2.  For  the  full  motor  w/wedges  model,  the  0 degree  face  of 
the  slice  generally  produced  larger  displacement  amplitude 
than  the  15  degree  slice.  This  observation  was  consistent 
with  observations  made  on  the  characteristics  of  the  wedge 
element,  discussed  previously.  It  was  seen  from  Table  I, 
that  wedge  element  predicted  greater  deformation  on  the 
front  surface  than  the  back  surface. 

3.  For  the  full  motor  w/wedges  model,  the  difference  in 
magnitude  of  displacement  of  corresponding  points  on  0 and  15 
degree  planes  became  less  severe  in  the  case  than  in  the 
propellant.  This  implies  that  the  case  was  sufficiently 
stiff  to  assist  in  damping  the  warping  between  the  0 and  15 
degree  faces.  For  the  propellant,  the  differences 

(up  to  100%)  in  displacement  of  the  0 and  15  degree  faces 
were  most  severe  at  the  corners  of  the  wedge  elements. 

The  difference  reduced  to  25%  one  CHEXA2  element  away  from 
the  wedge  element. 

4.  For  the  full  motor  w/wedges  model,  it  appeared  that  the 
differences  between  the  0 and  15  degree  faces  were  frequency 
dependent.  The  greatest  percent  difference  appeared  to 

be  at  500  Hz. 
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Dynamic  solutions  were  compared  for  all  the  conditions  analyzed. 

•Tables  III  and  IV  demostrate  some  of  the  differences.  Table  III  showed 
the  magnitude  and  phase  angle  of  displacement  at  various  locations  throughout 
the  aft  case  for  the  full  motor  model  with  wedges  at  265  Hz.  Table  IV 
displayed  the  magnitude  and  phase  angle  of  displacement  at  265  Hz. for  the  full 
motor  model  w/o  wedges  at  various  locations. 

Direct  comparison  of  displacements  of  dynamic  solution  requires 
additional  interpretation.  Because  of  dome  curvature  and  phase  angle  of  the 
oscillating  displacement,  the  mode  shape  must  be  normalized  to  a datum 
reference.  For  illustrative  purposes,  the  datum  reference  is  the  base  of 
the  adapter-bucket  connection  on  the  aft  dome.  Using  the  adapter-bucket 
datum  reference,  the  mode  shapes  of  the  full  motor  w/o  wedges  and  the  0 degree 
slice  of  the  full  motor  w/wedges  are  shown  in  Figure  5 for  265  Hz  at  one 
instant.  Because  of  the  wedge  element  the  mode  shapes  are  substantially 
different.  Figure  6 shows  the  calculated  mode  shapes  at  365  Hz  of  the  full  motor 
model  w/o  wedges  as  well  as  the  0 and  15  degree  faces  of  the  full  motor  w/wedges 
model.  It  cap  be  seen  that  the  full  motor  w/wedgee  model  predicts  a warping 
of  the  case,  which  cannot  be  an  accurate  representation  of  a symmetrically 
loaded  structure.  Also,  it  appears  that  the  full  motor  model  w/o  wedges 
approximately  averages  the  mode  shapes  of  the  0 and  15  faces  of  the  full  motor 
w/wedges. 

IV.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  study  has  shown  that  substantial  error  can  be  induced  through  the  use 
of  the  wedge  elements.  For  the  individual  wedge  elements,  the  error  can  be 
in  excess  of  400%.  When  the  wedge  elements  are  an  integral  part  of  a model 
of  a full  motor,  the  error  is  a function  of  the  distance  from  the  wedge 
element.  In  the  propellant,  the  error  at  the  corners  of  the  wedges  can  be  in 
excess  of  100%;  however,  within  one  panel  length,  the  error  reduces  to  25%. 

The  error  is  less  severe  in  the  case  because  of  its  greater  stiffness  than 
the  propellant.  It  is  also  important  to  note  that  mode  shape  of  models  which 
do  not  contain  wedge  elements  are  substantially  different  from  those  which 
do  contain  wedges.  The  wedges  seem  to  couple  symmetric  deformation  patterns 
with  warping  deformation  patterns. 

Because  of  wedge  element  Induced  errors,  it  is  suggested  that  all  further 
analyses  do  not  use  wedge  elements. 


TABLE  III 


FULL  MOTOR  WITH  WEDGES 


r-Direction 

z-Direction 

Node  No. 

Phase 

Magnitude 

(xl0“^) 

Phase 

219 

.3835 

318,62 

.2061 

197.4 

220 

.3499 

313.07 

.2054 

196.6 

223 

.08040 

260.49 

.3135 

173.3 

224 

.06858 

261.5 

.3041 

170.1 

229 

1.953 

306.5 

1.8431 

300.1 

230 

2.0267 

307.1 

1.9495 

301.3 

235 

1.2166 

349.8 

1.2519 

63.9 

236 

1.197 

350.6 

1.2739 

66.2 

237 

.9526 

354.6 

1.4329 

94.1 

238 

.9363 

355.6 

1.4693 

95.5 

g 239 

.61235 

351.4 

1.7259 

124.4 

a 

t 

O 

.60478 

352.0 

1.7560 

124.5 

4^ 

<J 

149.4 

243 

.1206 

327.8 

3.0167 

244 

0.1205 

328.0 

3.0191 

149.4 

249 

.05855 

208.0 

3.5196 

151.9 

250 

.058001 

208.3 

3.5200 

151.9 

253 

.16963 

179.3 

3.96099 

153.5 

254 

.16886 

179.4 

3.9604 

153.5 

Aft  Dome 


FULL  MOTOR 

W/WEDGES 

K = 8000  LB/IN. 


Figure  5.  Comparison  of  Mode  Shape  at  One  Time 
for  C-3  Motor  at  a Frequency  of  265  Hz 
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Figure  6«  Mode  Shape  for  365  Hz  C-4  Motor 
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EXTRACTS  FROM  20  JULY  1974  MONTHLY  STATUS  REPORT 


To  evaluate  the  baseline  motor  analysis,  the  mode  shapes  calculated  for 
the  aft  dome  at  265  Hz  have  been  compared  with  corresponding  test  data  from 
Task  IV.  The  r-z  components  of  displacement  were  resolved  into  a direction 
normal  to  the  dome  surface  and  plotted  at  four  sections  through  the  motor. 
Locations  of  the  sections  used  for  mode  shape  plotting  are  shown  in  Figure  2. 

Calculated  mode  shapes  (Task  III)  are  compared  with  measured  mode 
shapes  (Task  IV)  in  Figures  3 through  10.  The  plot  in  Figure  3 was  given 
in  a previous  report  (dated  20  May  1974).  In  the  May  monthly  report,  the 
data  were  normalized  to  obtain  phase  and  amplitude  agreement  at  node  255 
(measurement  point  300) . This  approach  applied  to  the  data  plotted  in  this 
report  yielded  rather  large  deformauions  in  the  measured  mode  data.  Therefore, 
the  measured  modes  plotted  in  Figures  3 through  10  have  been  normalized  to 
produce  a unit  deformation  at  the  point  of  maximum  deformation  for  the  four 
sections.  The  calculated  modes  are  normalized  to  produce  a unit  deformation 
at  measurement  point  300  (a  point  on  the  aft  adapter  at  OP  with  measurement 
in  the  axial  direction) . The  modes  shown  in  Figures  3 through  10  are  not 
natural  modes  but  represent  the  forced  response  of  the  dome  to  a particular 
excitation. 

Most  of  the  measured  data  show  a bulge  in  the  mode  shape  about  halfway 
along  the  dome  between  the  adapter  and  the  Y- joint.  The  bulge  does  not 
show  in  Figures  9 and  10.  The  calculated  mode  shapes  for  365  Hz  exhibit 
only  a slight  bulge  at  a location  closer  to  the  adapter  than  the  bulge  in 
the  measured  modes.  The  dip  in  the  measured  mode  shapes  near  the  adapter, 
as  shown  in  Figures  5 and  6,  is  also  followed  by  a small  dip  in  the  calcu- 
lated mode  shapes.  The  comparison  between  measured  and  calculated  modes 
at  365  Hz  is  encouraging  as  the  general  shapes  are  similar.  However,  the 
amplitudes  and  locations  of  maximums  are  not  in  good  agreement.  The  same 
comments  generally  apply  to  the  265  Hz  mode  shapes. 
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Figure  3.  Mode  Shape  Comparisons  for  Section  #1  at  365  Hz 
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EXTRACTS  FROM  20  MAY  1974  MONTHLY  STATUS  REPORT 

Measured  responses  have  been  compared  with  calculated  responses  for 
the  365  Hz  mode  at  all  points  where  accelerometers  were  mounted  on  the 
Flight  Electronics  unit.  For  each  accelerometer,,  the  node  in  the  finite 
element  model  nearest  the  accelerometer  location  was  selected  for  comparison. 
In  some  cases,  the  location  match-ups  are  only  approximate,  with  as  much  as 
two  or  three  inches  separating  locations  of  corresponding  calculated  and 
measured  responses.  The  comparative  data  are  given  in  Table  I.  The  calcu- 
lated data  were  normalized  to  obtain  magnitude  and  phase  agreement  at  point 
300.  The  response  at  the  component  connection  points  is  measured  approxi- 
mately by  accelerometers  361,  362,  583,  and  589.  The  points  361,  362,  and 
589  are  located  on  the  adapter  ring,  583  is  on  the  mounting  bracket.  See 
the  Task  IV  report  for  location  definitions. 

The  comparisons  given  in  Table  I show  much  better  agreement  at  some 
points  than  at  others.  There  does  not  appear  to  be  a trend  in  the  data; 
the  calculated  response  is  higher  than  the  measured  response  only  about 
50  percent  of  the  time.  The  agreement  between  calculated  and  measured 
response  data  shown  in  Table  I is  generally  worse  than  that  obtained  for 
the  attach  points. 

Calculated  dome  displacements  are  compared  with  dome  measurements 
for  the  365  Hz  mode  in  Figure  1.  The  dome  section  shown  in  the  figure  was 
taken  at  the  0°  motor  location.  To  obtain  the  mode  shapes  shown,  the  data 
were  normalized  to  obtain  agreement  at  the  aft  adapter.  The  accelerometer 
data  from  Task  IV  were  plotted  normal  to  the  dome.  The  out-of-phase  r and  z 
displacement  components  obtained  from  the  analysis  were  resolved  into  a 
direction  normal  to  the  dome  to  obtain  the  plot  labeled:  "Calculated  mode 

shape". 

The  measured  and  calculated  dome  mode  shapes  shown  in  Figure  1 are 
similar  in  that  each  has  a positive  and  a negative  displacement  region 
along  the  dome  with  only  one  zero  crossover.  However,  the  crossover  does 
not  occur  at  quite  the  same  place  for  both  modes.  Even  though  the  mode 
shapes  are  similar,  the  bulge  in  the  measured  mode  indicates  a definite 
difference.  Some  possibilities  for  the  difference  are: 

(1)  The  model  may  be  responding  in  a similar  but  basically 
different  mode  than  was  observed  in  the  test.  A small 
frequency  shift  might  excite  the  similar  mode. 

(2)  The  model  may  be  too  stiff  near  the  area  of  the  bulge  in 
the  measured  mode  shape. 

(3)  The  scalar  springs  used  in  the  dome  cavity  of  the  model  * 

may  not  be  providing  the  same  dome  excitation  as  the  actual  ' 
dome  cavity  pressure  distribution  that  existed  during  the 
test. 
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TABLE  I 


COMPARISONS  BETWEEN  CALCULATED  -AND  MEASURED 
RESPONSE  OF  THE  FLIGHT  ELECTRONICS  UNIT 
AT  365  Hz 


I 


Measurement  Point 
(Refer  to  Task  IV 
Report) 


Measured  Response 
(Magnitude/Phase) 


Calculated  Response 
(Magnitude/Phase) 


578 

.185  / 

+ 

70 

.0129 

7 + 

117 

580 

.157  / 

- 

171 

.0925 

/•+ 

149 

r O o 
JOJ 

.438  / 

- 

29 

.7022 

/ 

0 

(361) 

(.711'/ 

+ 

13) 

(.7022 

$ 

/ 

A\ 

584 

.776  / 

- 

142 

.4202 

/ - 

1 

585 

.285  / 

- 

108 

1.1712 

/ + 

168 

586 

.918  / 

- 

6-5 

.1630 

/ - 

158 

587 

.355  / 

1 

.7322 

/ + 

169 

588 

1.730  / 

+ 

38 

.9285 

/ + 

159 

581 

.027  / 

- 

97 

.1987 

/ " 

157 

589 

.461  / 

+ 

13 

.7674 

/•  + 

7 

(362) 

(.493  / 

4) 

(.7674 

/ + 

7) 

1 

! 


I 
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Figure  1 - Comparison  of  Calculated  and  Measured  Aft  Dome 
Mode  Shapes  at  365  Hz. 


EXTRACTED  FROM  THE  20  AUGUST  1974 
R&D  MONTHLY  STATUS  REPORT 
FOR  THE 

COMPONENT  VIBRATION  PROGRAM 
(Contract  F04611-73-C-0025) 


n 


G-70 


EXTRACTS  FROM  20  AUGUST  1974  MONTHLY  STATUS  REPORT 


Mode  shapes  were  plotted  comparing  measured  and  calculated  responses 
for  the  forward  dome.  The  conoar?tive  plots  are  shown  in  Figures  1 and  2. 
The  agreement  between  calculated  and  measured  modes  for  the  forward  dome 
is  poor.  Notice  that  the  two  calculated  modes  are  similar  (one  for  365  Hz 
and  one  for  265  Hz),  and  the  two  measured  mode  shapes  are  similar.  Reasons 
for  the  discrepancies  between  measured  and  calculated  modes  are  unknown 
at  the  present  time.  Hopefully,  future  experimentation  with  the  model  will 
help  uncover  reasons  for  the  poor  agreement  between  calculated  and  measured 
modes  of  the  forward  dome. 

Mode  shapes  of  the  Flight  Electronics  Unit  were  studied  in  an  effort 
to  estimate  the  quality  of  the  high  frequency  response  of  this  model. 

NASTRAN  plots  of  the  mode  shapes  for  the  first  eight  natural  modes  are 
shown  in  Figures  3 through  6.  The  first  natural  mode  is  basically  up  and 
down  cantilever  beam-type  deformatic  n (Figure  3) . The  second  mode  is  a 
side-co-side  swaying  of  the  structure  at  140.8  Hz.  The  third  mode  is  a 
twisting  mode  where  one  side  of  the  frame  is  up  while  the  other  side  is 
down  (Figure  4).  The  first  three  modes  are,  thus,  general  over-all 
structural  modes  involving  bending,  swaying,  and  twisting.  The  fourth  mode, 
and  higher  modes,  all  involve  local  structural  deformation  (see  Figures  4, 

5,  and  6).  For  example,  the  fourth  mode  consists  of  bending  of  the  plate 
that  is  used  to  simulate  the  electronics  package  which  bolts  to  the  frame. 

In  construction  of  the  model,  no  attempt  was  made  to  model  the  bending 
stiffness  of  the  bolted-on  package.  Therefore,  the  fourth  mode,  and  each 
higher  mode  that  involves  significant  local  deformation,  is  likely  to  be 
very  inaccurate.  It,  thus,  appears  that  the  upper  frequency  limit  for  which 
this  particular  model  can  provide  an  accurate  model  of  the  structure  is 
150  to  200  Hz;  i.e.,  between  the  third  and  fourth  modes.  Considerable 
additional  detail  would  be  required  in  the  component  models  to  provide 
accuracy  at  higher  frequencies. 


Figure  4.  Third  and  Fourth  Natural  Modes  for  thfe  Flight  Electronics  Unit 
(Solid  Lines  Show  Undeformed  Voslcion) 
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EXTRACTS  FROM  20  KOVEMBER  1974  MONTHLY  STATUS  REPORT 


The  transfer  numbers  shown  in  Table  I indicate  that  a + 1.0  psi  pressure 
oscillation  can  cause  a response  on  the  aft  dome  in  the  longitudinal  direc- 
tion (AC-261)  between  0,65  g's  and  23.38  g's.  The  23  g maximum  is  not 
typical  and  a more  representative  number  would  be  four  to  five  g's. 

For  comparison  with  the  static  firing  data,  analysis  results  are  given 
in  Table  II.  The  analysis  results  consist  of  response  accelerations  in  the 
longitudinal  direction  at  the  component  connection  points.  Data  are  shown 
only  for  the  component  connection  points  on  the  aft  adapter  ring  in  the 
longitudinal  direction. 

The  most  direct  comparison  possible  with  the  data  shown  in  Tables  I 
and  II  would  be  between  AC-261  from  Table  I and  component  connection  point 
number  8 in  Table  II  (AC-261  is  mounted  very  near  to  point  8) . Table  II 
shows  a response  of  3.21  g's  at  668  Hz.  Table  I has  corresponding  numbers 
of  i.71,  1.55,  2.03,  and  1.83  g’s  for  the  634  and  680  Hz  frequencies  and 
for  filter  bandwidths  of  10  Hz  and  100  Hz,  (Notice  that  transfer  numbers 
between  0 and  1 0 second  have  been  ignored.)  Apparently  the  zero -burn 
time  calculated  value  is  only  about  50  percent  too  high.  The  advanced 
burn  analysis  at  634  Hz  gives  1.53  g's  for  point  8. 


TABLE  I 

SP-0149  TRANSFER  NUMBERS 


Preque»cy/ 

Ba»dvid€h 

Approximate 

Time 

(Sec) 

TNi* 

(AC-261/PT-5) 

TN2* 

(AC-404/PT-5) 

TN3* 

(AC- 405 /PT- 5) 

281/10 

0.25 

0.90 

0.35 

0.39 

281/100 

0.60 

5.94 

5.74 

2.88 

3.70 

23.38 

31.25 

20.56 

634/10 

0.50 

1.27 

1.07 

0.23 

634/100 

0.50. 

3.39 

1.51 

0.87 

7.90 

1.71 

9.27 

3.27 

680/10 

6.50 

4.72 

-- 

7.90 

1.55 

7.52 

3.06 

680/100 

0.50 

4.48 

1.41 

0.52 

2.60 

2.03 

5.17 

4.50 

7.90 

1.83 

9.23 

3.17 

770/10 

0.60 

1.95 

1.10 

0.43 

3.60, 

— 

40.00 

27.00 

770/100 

0.50 

1.28 

0.52 

0.33 

2.60 

2.00 

5.03 

4.62 

1327/10 

0.40 

3.80 

9.87 

5.93 

4.55 

1.60 

2.87 

1.33 

1327/100 

0.40 

2.19 

9.54 

4.90 

5.30 

0.65 

7.28 

3.88 

The  units  are  (g's/psi)  for  the  transfer  numbers 
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TABLE  II 

CALCULATED  RESPONSE  AT  THE  AFT  ADAPTER  COMPONENT 
ATTACH  POINTS  FOR  THE  SECO;!D  STAGE'  POSEIDON  MOTOR 


Component 

Connection 

Point 

Identi fication 

Motor 

Circumferential 

Location 

Response  to 
668  Hz  Mode 

Response  to 
770  Hz  Mode 

Response  to 
1327  Hz  Mode 

(Degree) 

(r's) 

(r's) 

(g's) 

1 

0 

4.53 

1.74 

0.92 

3 

225 

1.23 

1.10 

0.54 

4 

180 

5.10 

1.39 

1.64 

5 

120 

4.08 

1.13 

1.65 

6 

90 

4.05 

0.53 

1.92 

8 

60 

3.21 

0.85 

0.41 

9 

30 

2.71 

0.64 

0.89 

EXTRACTED  FROM  THE  30  MARCH  1974 
RicD,  MONTHLY  STATUS  REPORT 
FOR  THE 

COMPONENT  VIBRATION  PROGRAM 
(Contract  F04611-73-C-0025) 
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EXTRACTS  FROM  20  MARCH  1974  MONTHLY  STATUS  REPORT 

The  available  accelerometer  data  can  be  compared  with  analysis  results 
The  comparison  is  shown  in  Table  I. 
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TABLE  I 


COMPARISONS  BETWEEN  CALCULATED 
AND  MEASURED  MOTOR  RESPONSE 


Measurement  Point 
(Refer  to  Task  IV  Report) 

Measured  Response 
(Magnitude/Phase) 

Calculated  Response 
(Magnitude/Phase) 

300 

0.6395/  + 1 

0.6395/  + 1 

659 

0.0735/  - 134 

0.3985/  + 170 

515 

0.548  / - 24 

0.734  / + 4 

336 

0.743  / + 3 

0.694  / + 1 

324 

0.149  / + 63 

0.748  / + 13 

662 

0.227  / + 160 

0.357  / + 165 

362 

0.493  / + 4 

0.767  / + 7 

361 

0.711  / + 13 

0.702  / + 0 

It  was  necessary  to  normalize  the  calculated  response  data  to  obtain 
the  comparisons  shown.  Point  300  was  arbitrarily  selected  as  a reference 
point  and  both  magnitude  and  phase  were  normalized  to  agree  with  test  data 
at  that  point,  making  comparisons  of  relative  phase  and  magnitudes  possible. 
The  agreement  between  measured  and  calculated  response  data  shown  in  Table  I 
Is  somewhat  encouraging,  .'lonsidering  the  amount  of  computation  that  was 
required  to  obtain  the  calculated  response.  The  magnitude  and  phase  are  in 
very  poor  agreement  at  points  659  and  324.  However,  agreement  appears  to 
be  reasonable  at  other  points,  and  the  calculated  results  are  conservative 
where  the  larger  differences  occur. 

Normally,  a motor  analysis  would  be  considered  to  be  complete  at  this 
point  since  the  desired  input  motion  to  the  components  has  beer,  calculated. 
However,  present  plans  for  this  analysis  include  additional  data  recovery 
so  that  additional  comparisons  can  be  made  with  test  data. 
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EXTRACTED  FROM  THE  20  APRIL  1974  MONTHLY  STATUS  REPORT 


The  effect  of  the  components,  collectively,  on  the  response  at  the 
connection  points  can  be  seen  by  comparing  the  response  at  the  points  for 
the  clean  motor  model,  Vq,  with  the  total  components-attached  response  Vx- 
The  comparison  is  given  in  Table  II.  Only  the  first  20  points  of  42  are 
shown. 


TABLE  II 


V 


COMPARISON  BETWEEN  CALCULATED  RESPONSE  AT 
THE  CONNECTION  POINTS  WITH  AND  WITHOUT  COMPON.1NTS  ATTACHED 
(10"6  Multiplier  Oinitted  from  Given  Values) 


I 

I 

i 


Components  Not  Attached 


Components  Attached 
Vt 


1. 

0.0 

+ 

O.Oi 

1.3225 

+ 

1.5296  i 

2. 

1 3.4384 

4- 

.09298i 

2,7481 

- 

2.3885  i 

3. 

-46.344 

- 

7.1156  i 

-44.331 

- 

3.5167  i 

4. 

19,079 

- 

3.8172  i 

-83.366 

- 

3.3677  i 

5. 

0.0 

+ 

0.0  i 

2.8381 

+ 

0.8148  i 

6. 

170.51 

+ 16.414  i 

27.547 

- 

3.0133  i 

7. 

0.0 

+ 

0.0  i 

- 2.4769 

- 

5.0205  i 

8. 

3.4452 

+ 

.095121 

- 0.1633 

- 

2.0433  i 

9, 

-46.336 

- 

7.1107  i 

-50.549 

- 

7.0926  i 

10. 

0.0 

+ 

0.0  i 

0.10709 

+ 

0.207231 

11, 

- 5.0783 

+ 

0.8280  i 

- 6.7356 

- 

0.4462  i 

12. 

0.0 

+ 

0.0  i 

0.3759 

+ 

0.6260  i 

13. 

0.0 

+ 

0.0  i 

2.883 

+ 

0.564981 

14. 

3.4384 

+ 

.092981  ; 

4.1318 

- 

3.0646  i 

15. 

-46 ,344 

- 

7.1156  i i 

-48.078 

- 

4.0287  i 

16. 

0.0 

+ 

0.0  i 

0.1488 

- 

0.039661 

17. 

- 5.0711 

+ 

0.8308  i 

- 7.3551 

- 

0.3976  i 

18. 

0.0 

+ 

0.0  i 

- 0.01026 

- 

0.019821 

19. 

0.0 

+ 

0.0  i 

7.2448 

+ 

6.4114  i 

20. 

3.4384 

+ 

.092981 

7.6046 

+ 

4.7589  i 
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Tile  Vq  celiuon  in  Table  II  indicates  the  response  of  the  cyv,lic  symmetric 
clean.  Motor  nodal  to  the  axisyametric  fourth  longitudinal  acoustic  mode. 
Because  of  the  symetry,  some  response  motions  are  uncoupled  '^rom  the 
loadiog  system;  thus,  several  null  rows  appear  in  Vq.  When  the  components 
are  attached,  the  structural  symmetry  no  longer  exists  and  the  motion 
becomes  coupled  as  indicated  in  the  Vy  colimm  in  Table  II. 

The  data  shcnm  in  Table  II  indicate  that  the  components  have  a very 
narked  «ffect  on  the  response  at  the  connection  points  for  this  particular 
motor  at  a frequency  of  365  Hz.  This  analysis  thus  provides  an  example 
where  the-  proposed  low-order  simplified  model  described  above  would  be 
iaadeqOafee.  Based  on  the  data  shown  in  Table  II,  the  component -only 
sia^iified  model  concept  is  thus  rejected  and  will  not  be  further  evaluated. 
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EXTRACTS  FROM  20  SEPTEMBER  197A  MONTHLY  STATUS  REPORT 


1 

l^th  the  rero  burn  and  the  advanced  burn  clean  motor  models  have  been 
aoalyaad  at  365  Hr  using  the  fourth  longitudinal  acoustic  mode  to  define 
the  pressure  loading  distribution.  In  each  case  the  acoustic  mode  was 
nortMlia«d  so  that  the  maximum  pressure  applied  was  1.0  psi.  Therefore, 
a cenparison  of  the  results  from  the  two  models  shows  the  effect  of  removing 
a portion  of  the  grain  to  obtain  the  advanced  burn  geometry.  This  comparison 
is*  miW  to  study  the  possibility  that  the  component  response  is  not  very 
sensitive  to  exact  grain  geometry.  The  Uq  displacement  vectors  for  both 
cowputer  runs  were  converted  to  accelerations  which  are  shown  in  Table  I. 

The  42  eoordinates  represent  the  nine  component  covinection  points  on  the 
aft  done  sdepter  ring  and  nozzle  compliance  ring.  For  example,  coordinates 
1,  2,  and  3 represent  the  6,  r,  and  z coordinates  respectively  at  an  attach 
pedmt  fer  the  actuator  on  the  adapter  ring.  The  accelerations  shown  for 
conpariaon  in  Table  I apply  to  the  clean  metor  model  with  no  components 
aCtaciMd.  Apparently  changing  the  burn  conliguration  of  the  clean  motor 
modal  from  zero  seconds  to  4.0  seconds  burn  t^me  does  not  cause  drastic 
chaoses  in  the  response  but  the  changes  are  significant.  The  maximum 
acceletation  of  2.33  g's  for  the  zero  burn  time  model  becomes  1.67  g's 
for  the  advanced  burn  model,  a reduction  of  28  percent  due  to  the  burn 
time  change. 

For  further  use  of  the  information  in  Table  I,  the  response  at  other 
pressure  oscillation  levels  can  be  obtained  by  using  the  appropriate  ratio 
on  the  given  accelerations.  For  example,  a maximum  acceleration  of  2.33  g's 
occurs  in  response  to  the  fourth  longitudinal  mode  at  a pressure  oscilla- 
tion level  of  + 1 psi.  For  a_t  2 psi  pressure  oscillation,  the  maximum 
response  would  be  4.66  g's. 

A«M»Cher  pessibility  that  seemed  to  be  worthy  of  further  investigation 
is  that  the  component  response  may  not  be  very  sensitive  to  the  exact  form 
of  the  presture  distribution  used  in  the  solution.  In  Table  II,  accelerations 
for  the  first  longitudinal  mode  and  the  third  longitudinal  are  compared 
In  addition  to  the  differences  due  to  using  a different  acoustic  mode,  the 
data  shown  in  Table  II  contain  differences  due  to  different  burn  times 
(0.0  second  versus  4.0  seconds  and  due  to  slightly  different  frequencies, 

(265  ^ versus  281  Hz).  In  spite  of  these  differences,  the  response  data  are 
not  drastically  different  for  the  two  different  solutions  shown.  The 
maximoai  response  of  8.25  g's  for  the  third  mode  response  compares  to  the 
maKlmtM  reaponsc  of  6.24  g's  for  the  first  mode  response,  a reduction  of 
24  percent. 

Ccaparlng  the  maximum  response  of  8.25  g's  for  the  265  Hz  analysis 
with  the  BMximuai  of  2.33  g's  given  in  Table  I for  « 365  Hz  analysis,  it 
appears  th«.  t the  response  is  more  sensitive  to  large  changes  in  frequency 
than  to  changes  in  burn  time  or  acoustic  mode  shape.  However,  sufficient 
data  are  not  available  to  justify  any  firm  conclusions. 
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TABLE  I 


COMPARISON  OF  ACCELERATIONS  FOR  THE 
ZERO  BURN  MODEL  AND  THE  ADVANCED  BURN  MODEL 


Coordinate 

No'. 

Uzero  ^"0 
Zero  Bur 

r 365  Hz 
n Model 

^zero. 
Adv.  Burn 

365  Hz 
Model 

Phase 

(deg.) 

Accel. 

(g's) 

Accel. 

(g's) 

Phase 

(deg.) 

1 

0.0 

0.0 

-* 

2 

1.55 

.0468 

.0241 

4.42 

3 

-171.3 

.6382 

.5571' 

-172.4 

4 

-11.3 

.2648 

.1872 

-10.41 

5 

0.0 

0..0 

— 

— 

6 

5.50 

2.33 

1.67 

5.72 

7 

0.0. 

0.0 

-- 

__ 

8 

1.58 

.0469 

.0245 

4.48 

9 

-171.3 

.6381 

.5570 

-172.5 

10 

0.0 

0.0 

— 

— 

11 

170.7 

.0700 

.0537 

171.0 

12 

0.0 

0.0 

-- 

-- 

13 

0.0 

0.0 

-- 

-- 

14 

1.'55 

.0468 

.0241 

4.42 

15 

-171.3 

.6382 

.5571 

-172.4 

16 

0.0  ■ 

0.0 

-- 

-- 

17 

170.7 

.0699 

.0536 

171.0 

18 

0.0 

0.0 

-- 

-- 

19 

0.0 

0.0 

__ 

-- 

20 

1.55 

.0468 

.0241 

4.42 

21 

-171.3 

.6382 

.5571 

-172.4 

22 

0.0 

0.0 

-- 

-- 

23 

170.7 

.0699 

.0536 

171.0 

24 

0,0 

— 

-- 

25 

0.0 

0.0 

-- 

-- 

26 

1.55 

.0468 

.0241 

4,42 

27 

-171.3 

.6382 

.5571 

-172.4 

28 

-11.3 

.2648 

.1872 

-10.41 

29 

0.0 

0.0 

-- 

30 

5.50 

2.33 

1.67 

5.72 

31 

0.0 

0.0 

-- 

— 

32 

1,55 

.0468 

.0241 

4.42 

33 

-171.3 

.6382 

.5571 

-172.4 

34 

0.0 

0.0 

— 

35 

170.7 

.0699 

.0536 

171.0 

36 

0.0 

0.0 

— 

— 

37 

0.0 

0.0 

__ 

— 

38 

1.55 

.0468 

.0241 

4.42 

39 

-171.3 

.6382  ‘ 

.5571 

-172.4 

40 

0.0 

0.0 

-- 

— 

41 

170.7 

.0699 

.0536 

171.0 

42 

0.0 

0.0 

— 

-- 

*The  dashes  (-)  indicate  that  corresponding  numbers  are  small 
enough  to  be  ignored,  i.e.  10"20  compared  with  10”5, 
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TABLE  II 


COMPARISON  OF  ACCELERATIONS  FOR  TWO  ANALYSES  AT 
SIMILAR  FREQUENCIES  BUT  WITH  DIFFERENT  ACOUSTIC  MODES  AND  DIFFERNT  BURN  TIMES 


Coordinate 

No. 

Uzero  235  Hz,  Zero  Burn 

Cold  Gas  Third  Long.  Mode 

Uzero  281  Hz,  Adv.  Burn 

Hot  Gas  First  Lone.  Mode 

Phase 

(deg.) 

Accel. 

(g’s) 

Accel. 

(g’s) 

Phase 

(deg.) 

1 

84.4 

.0968 

-* 

.. 

2 

-39.3 

1.45 

' .368 

134.6 

3 

150.7 

3.56 

1.75 

-83.0 

4 

-23.8 

.316 

.346 

125.4 

5 

-173.4 

.0305 

— 

— 

6 

-24.3 

8.25 

6.24 

129.1 

7 

-52.9 

.432 

— 

— 

8 

-32.2 

.715 

.368 

134.5 

9 

-40.4 

1.42 

1.75 

-83.0 

10 

128.4 

.0673 

-- 

-- 

11 

160.5 

.426 

.292 

-50.8 

12 

130.4 

.0704 

— 

— 

13 

151.9 

.182 

— 

— 

14 

-40.4 

1.42 

.368 

134.6 

15 

150.4 

3.54 

1,75 

-83.0 

16 

-37.5 

.0223 

- 

17 

160.4 

.416 

.292 

-50.8 

18 

-46.0 

.0199 

-- 

19 

133.0 

.339 

-- 

20 

73.7 

.393 

.368 

134.6 

21 

162.2 

2.48 

1.75 

-83.0 

22 

-49.2 

.0508 

-- 

-- 

23 

159.9 

.425 

.292 

-50.8 

24 

-52.0 

.0496 

— 

— 

25 

-46.8 

.123 

— 

— 

26 

94.5 

.581 

.368 

134.6 

27 

165.0 

2.34 

1.75 

-83.0 

28 

-32,8 

.434 

.345 

125.4 

29 

160.2 

.0034 

-- 

— 

30 

-22.8 

7.89 

6.24 

129.1 

31 

-46 .0 

.468 

— 

— 

32 

5.21 

.394 

.368 

13^.6 

33 

158.5 

2.78 

1.75 

-83.0 

34 

131.4 

.0696 

-- 

-- 

35 

160.0 

.421 

.292 

-50.8 

36 

128.4 

:0679 

-- 

-- 

37 

-41.0 

.374 

-- 

-- 

38 

-36.5 

1.19 

.368 

134.6 

39 

152.3 

3.41 

1.75 

-83.0 

40 

'.1 

.0532 

-- 

-- 

41 

2 

.414 

.292 

-50.8 

42 

i^9.9 

.0511 

* Value#  are  very  small  and  nay  be  Ignored. 
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INTRODUCTION 


Contract  number  F04611-73-C-0025  calls  for  submittal  of  "sealed 
envelope"  predictions  to  the  AFRPL  Commander  at  the  close  of  the  Phase 
III  work,  (analysis  of  the  verification  motor) . This  report  contains 
the  sealed  envelope  predictions.  The  Minuteman  III  third  stage  motor 
has  been  designated  as  the  verification  motor.  The  response  of  the  motor 
to  the  first  longitudinal  and  the  first  tangential  acoustic  modes  has  been 
predicted. 

The  motor  was  analyzed  at  frequencies  of  200,  2A0,  and  300  l!z  with  a 
6 sec.  burn  configuration  to  obtain  response  to  the  first  longitudinal  mode. 

A zero  burn  configuration  was  analyzed  at  frequencies  of  760,  800,  and  840  Hz 
to  obtain  response  to  the  first  tangential  mode. 

When  the  finite  element  model  was  constructed,  the  model  mass  was 
compared  with  measured  values.  The  model  stiffness  was  checked  out  by 
comparing  deflections  obtained  from  a uniform  static  pressure  solution 
with  available  measured  data.  Good  agreement  was  obtained  for  the  mass 
and  static  stiffness  representation  of  the  model.  The  clean  motor  model 
for  the  Minuteman  T/S  motor  was  assembled  by  Dr.  Dean  Wang.  The  component 
models  were  assembled  by  Mr.  Bruce  Moore.  Neither  analyst  referred  to  the 
accelerometer  data  available  in  the  Aerojet  Acoustics  report^.  No  accelero- 
meter data  or  other  response  data  of  any  kind  were  used  to  modify  the  models, 
thus  the  intent  of  the  "closed  envelope"  predictions  was  maintained, 

II.  RESPONSE  PREDICTIONS 

The  locations  of  the  component  attachment  points  are  shown  in  Figure  1, 
The  acceleration  responses  predicted  for  the  attachment  points  are  given  in 
Figures  2 through  7.  As  shown  in  Figures  2 through  7,  the  responses  calcu- 
lated for  no  components  attached  are  quite  similar  to  the  responses  obtained 
with  components  attached. 

The  responses  of  the  forward  dome  are  shown  in  Figures  8 through  13. 
Figures  8,  9,  and  10  show  the  responses  to  the  fundamental  longitudinal 
mode  at  frequencies  of  200,  240,  and  300  Hz,  The  structure  analyzed  is 
nearly  axisymmetric  and  the  longitudinal  acoustic  mode  shape  is  nearly 
axisymmetric.  Figure  10  shows  that  the  response  to  longitudinal  modes  is 
nearly  axisymmetric.  Responses  are  shown  for  only  one  radial  line  in 
Figures  8 and  9,  but  the  circumferential  variation  is  small  as  shown  in 
Figure  10. 

For  the  tangential  modes,  the  response  is  a maximum  along  the  radial 
line  that  corresponds  to  the  maximum,  acoustic  mode  pressure.  (For  tan- 
gential modes  the  pressure  varies  in  the  circumferential  direction).  The 
full  response  distribution  is  shewn  in  Figure  12.  Only  the  response  along 
the  maximum  pressure  radial  liixes  are  shown  in  Figures  11  and  13. 


All  responses  shown  in  Figures  8 through  13  are  for  no  components  , 

attached.  Since  the  attached  components  did  not  drastically  affect  the 
response  at  the  component  attach  points  on  the  aft  dome,  the  more  remote 
locations  on  the  forward  dome  are  likely  to  be  less  affected  by  attached 
compenents . Data  recovery  calculations  can  be  performed  using  data  stored 
on  Hi^netic  tapes  to  obtain  the  forward  dome  response  with  components 

attached  if  this  appears  to  be  desirable,  t 
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1.  Minuteman  III  Third  Stage  Pressure  Oscillation  Study,  Final  Report, 
Report  No.  1387-OlF,  Aerojet  Solid  Propulsion  Company,  Sacramento, 
California,  August  1971. 
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NOTE:  RESPONSES  WITH 

COMPONENTS 
ATTACHED  ARE 
SHOWN  IN 
PARENTHESES  () 


Aj.  = RADIAL  ACCELERATION 


(g's) 


Aj,  = AXIAL  ACCELERATION 


(8‘s) 


(.42) 

.053 

1.62 

(1.54 


(.59) 
Ar  = .051 
Ajj  = 1.63.' 
(1.58) 


(.63) 
Ar  = .051 
Az  = 1.63 
(1.58) 


(.22) 

.063 

1.63 

(1.43) 


Figure  3.  Minuteraan  III  T/S,  Acceleration  Response  at  the  Attach 
Points,  Long.  Mode  at  240  Hz,  (Pi)n,ax  “ l’*^ 
second  Burn  Time  Model. 


(.86) 

6.22 

8.92 

(7.63) 


figtx*  6.  Mlnuteman  III  T/S,  Acceleration  Response  at  the 
Attach  Points,  Tang.  Mode  at  800  Hz  (Pslot)max  ‘ 
100  psi.  Zero  Burn  Time  Model. 


NOTE;  THE  NUMBERS  SHOWN  AT  THE  GRID  LINE  INTERSECTIONS 
REPRESENT  THE  ACCELERATION  RESPONSE  IN  G'S  IN  A 
DIRECTION  NORMAL  TO  THE  DOME  (FIGURES  8 THROUGH 
13) 


Figure  8.  Forwar’  Dome  Minuteman  III  T/S,  Response  to  First  Long.  Mode  at  200  Hz 
Using  6 Sec.  Burn  Model,  (Pj[)j;jgj,  * 1.0  P's i 


Figure  9.  Forward  Dome  Minuteman  III  T/S,  Response  to  First  Long.  Mode  at  240  Hz 
Using  6 Sec.  Burn  Model,  (Pi)(,jgj^  * 1*0  Psi 
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Figure  10.  Forward  Dome  Minuteman  III  T/S,  Response  to  First  Long.  Mode  at  300  Hz 
Using  6 Sec.  Burn  Model,  (Pi) Max  = 1*0  Psi 
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Figure  11. 


Forward  Dome  Minutemai,  III  T/S,  Response  to ‘First  Tang.  Mode  at  760  Hz 
Using  Zero  Burn  Time  Model,  (Pglot^Max 
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Figure  12.  Forward  Dome  Minuteman  III  T/S,  Response  to  First  Tang.  Mode  at  800  H: 
Using  Zero  Burn  Time  Model,  (PsiotHlax  ^ 
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SECTION  I 


INTRODUCTION 


A.  BACKCBOUI^ 

■^Is  nodeling  techniques  asnuel  is  s result  of  work  on  Air  Force 
Contract  l?(M(611-73-C-0025.  Hercules  Incorporated  contracted  with  the  Air 
Force  locket  PTofulsion  Laboratory  at  Edwards  Air  Force  Base,  California, 
to  perfvtn  a locket  Motor  Cosiponent  Vibration  study  program.  The  manual 
was  subalttsd  as  an  appendix  to  the  final  report  for  the  program.  The 
pucpoac  ef  the  manual  is  to  convey  the  essential  technology  from  the  Com- 
poaaoC  Vibrations  Program  to  prospective  analysts.  An  attempt  has  been 
timie  M put  the  results  in  a form  that  will  make  them  useful  for  reference 
v^cn  i^rious  nK>dellag  decisions  must  be  made. 

Tie  aianual  specifically  deals  with  predicting  the  structural  response 
of  a solid  rocket  nutor  to  Internal  acoustic  pressure  oscillations.  Pre- 
dictiaoa  of  the  degree  of  stability  of  a particular  acoustic  mode  or 
definltioa  of  the  acoustic  mode  shapes  are  beyond  the  scope  of  the  modeling 
manual-.  Before  the  structural  dynamics  analysis  is  performed,  acoustic 
roodas  and  corresponding  natural  frequencies  can  be  obtained  either  from 
analysis  or  testing.  Use  of  the  NASTRAn(^)  program  for  calculation  of  the 
acoustic  modes  and  natural  frequencies  is  recommended. 

B.  PHILOSOPHY 

The  use  of  the  word  "modeling"  in  the  title  of  this  manual  implies 
that  mathematical  models,  constructed  to  represent  a rocket  motor  structure, 
will  be  discussed.  The  most  common  mathematical  models  used  for  analysis 
of  rocket  motor  structure  are  those  based  on  use  of  the  finite  element 
method.  NA6TRAN  is  one  of  the  most  versatile  structural  analysis  programs 
based  on  the  finite  element  method.  Results  given  in  this  manual  were 
obtained  ualn;  NASTRAN  exclusively,  but  most  recommended  procedures  should 
apply  equally  well  to  any  finite  element  analysis. 

The  usual  procedure  consists  of  constructing  a finite  element  model  to 
represent  a rocket  motor.  The  finite  element  model  is  characterized  by 
a mesh  or  grid  network  superimposed  on  a drawing  of  the  motor  outline. 
Different  models  are  constructed  for  different  purposes.  When  stresses 
are  r^uired,  a rather  fine  mesh  i«  gencrslly  used.  When  only  displacements 
hre  r^tiir-sd,  less  grid  refinement  is  permissible.  A grid  for  a static 
solution  that  requires  good  stiffness  modeling  may  differ  from  a grid 
constructed  for  a dynamic  solution  where  mass  distribution  is  also  important. 


^HerCing,  D.  N.,  Joreph,  J.  A.,  Kunsinen,  L.  R.,  and  MacNeal,  R.  H., 
Ac«mtic  Analysis  of  Solid  Rocket  Motor  Cavities  by  a Finite  Element 
Method . The  MacNeal -S-.'hwendler  Corporation,  AFRPL-TR-71-96,  August  1971. 
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A significantly  finer  grid  can  be  used  for  a two-dimensional  (2-D)  a.ialysis 
than  for  a three-dimensional  (3-D)  analysis  because  of  the  smaller  bandwidth 
associated  with  2-D  problems.  Generally  a more  refined  grid  results  in  a 
more  accurate  model.  However,  the  added  refinement  also  results  in  longer 
computer  run  times  and  thus  greater  analysis  costs.  The  analyst  must  weigh 
alx  applicable  factors  and  attempt  to  design  a model  that  will  represent 
the  significant  motor  response  at  a reasonable  analysis  cost. 

At  present,  the  construction  of  a finite  element  model  is  as  much  an 
art  as  it  is  a science.  To  construct  a good  finite  element  m3del,.  the 
analyst  must  be  able  to  visualize  the  expected  structural  response  of  the 
motor  and  he  must  include  features  in  his  model  that  will  allow  it  to 
simulate  the  behavior  of  the  real  motor.  Often,  the  construction  of  a 
finite  element  model  is  an  iterative  process.  The  model  resulting  from 
the  first  attempt  to  model  a motor  is  often  modified  when  test  results 
become  available,  or  when  comparisons  are  made  with  other  analyses.  Many 
motors  have  been  found  to  exhibit  behavior  that  was  unexpected  or  unpre- 
dicted by  initial  models.  Thus,  past  experience  has  shown  that  any 
particular  analysis  may  fail  to  identify  a particular  problem.  Analyses 
are  performed  with  the  hope  that  all  significant  problems  will  be  identified 
and  that  response  levels  will  be  predicted  with  reasonable  accuracy;  however, 
the  possibility  of  a modeling  error  or  oversight  should  be  kept  in  mind. 

This  discussion,  pointing  out  uncertainties  in  finite  element  analyses,  is 
particularly  applicable  to  the  situation  when  a motor  design  is  analyzed 
prior  to  motor  fabrication. 

Since  the  fjuality  of  the  resulting  finite  element  riodel  is  dependent 
on  the  ability  <d  the  analyst  to  visualize  motor  response,  an  attempt  has 
been  made  to  characterize  typical  motor  responses.  In  addition,  general 
guidelines  for  model  construction  are  given.  Use  of  the  suggested  guidelines 
should  be  tempered  by  the  analyst's  judgment  for  each  individual  situation. 


C.  APPROACH 


No  situations  are  on  record  where  the  magnitude  of  acoustic  pressure 
oscillations  in  a solid  rocket  motor  were  sufficiently  high  to  cause  damage 
to  the  basic  motor  structure.  The  motor  case,  propellant  grain,  insulation 
material,  nozzle,  and  igniter  of  a typical  motor  are  designed  to  withstand 
ignition  pressurization  loads  that  are  considerably  more  severe  than  those 
caused  by  acoustic  pressure  oscillations.  The  concern  over  effects  of 
acoustic  pressure  oscillations  relates  to  the  components  that  are  attached 
to  the  motor.  The  failure  of  at  least  one  flight  test  of  a ballistic 
missile  has  been  traced  to  failure  of  a flight  control  unit  mounted  on  an 
upper  stage  motor.  The  purpose  of  the  analyses  discussed  in  this  manual 
is  to  predict  acceleration  levels  input  to  components  as  a result  of  an 
unstable  acoustic  pressure  oscillation. 

The  second  section  in  this  manual  discusses  some  basic  modeling  con- 
siderations by  making  reference  to  a simple  beam  model.  Modeling  for 
eigenvalue  solutions  is  compared  with  modeling  for  frequency  response 
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solutions;  The  third  manual  section  gives  a brief  description  of  applicable 
analyses  that  have  been  performed- to  date'.,  A fourth  sec^on  contains 
mo'deiing  guidelines  intended  to  provide  direct  guidance  on  model  construcr 
tion.  Some  test  data  and  .analysis  results  are  given  in  the  fifth  section' 
to  illustrate  typical  motor  response  to  acoustic  pressure  oscillations. 

The  sixth  section  contains  conclusions. 
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SECTION  II 


BASIC  MODELING  CONSIDERATIONS 

As  stated  in  the  introduction,  the  quality  of  a finite  element  model 
depends  on  the  ability  of  the  analyst  to  visualize  the  response  mode  shapes. 
Some  insight  into  general  dynamic  structural  behavior  can  be  gained  by 
studying  the  response  of  simple  uniform  beams.  Two  types  of  analyses  are 
discussed  in  this  section:  (1)  Determination  of  natural  frequencies 

and  mode  shapes  (real  eigenvalue  analyses) , and  (2)  determination  of  forced 
response  (frequency  response  analyses).  Results  from  these  analyses  are 
related  to  the  analysis  of  rocket  motors.  The  results  presented  were 
mainly  taken  from  the  Task  8 report  given  in  Appendix  F of  the  final  report. 

A finite  element  model  for  a pinned-pinned  beam  is  shown  in  Figure  1. 
The  model  has  8 beam  elements  and  7 unconstrained  displacement  coordinates. 
The  displacement  coordinates  are  denoted  Ui  through  U7.  Theoretical 
(closed  form)  solutions  for  the  beam  natural  frequencies  and  mode  shapes 
are  given  by  the  equations  shown  in  Figure  1.  Nearly  any  standard  text 
on  vibrations  contains  these  beam  solutions.  Rigid  Format  No.  3 in  the 
NASTRAN  program  was  used  to  perform  a real  eigenvalue  analysis  on  the  beam. 
The  NASTRAN  natural  frequencies  are  compared  with  the  theoretical  natural 
frequencies  in  Table  I.  The  NASTRAN  natural  mode  shapes  are  compared  with 
the  theoretical  natural  mode  shapes  in  Figure  2, 

The  results  shown  in  Table  I and  Figure  2 illustrate  a behavior  that 
is  common  to  all  finite  element  models.  The  actqal  beam  and  the  theo- 
rectical  model  both  have  an  infinite  number  of  ntiural  frequencies  and 
mode  shapes.  By  comparison,  the  finite  element  model  has  only  a limited 
number  of  natural  frequencies  and  mode  shapes.  A finite  element  model  can 
have  only  one  natural  frequency  for  each  degree  of  freedom  used  in  the  mass 
matrix  for  the  model.  As  a result  of  the  limited  number  of  degrees  of 
freedom,  the  accuracy  with  which  modes  and  frequencies  can  be  predicted 
deteriorates  for  increasing  mode  numbers.  For  the  beam  model,  only  the 
first  seven  natural  frequencies  and  mode  shapes  could  be  predicted  because 
only  seven  degrees  of  freedom  were  used  in  the  model.  The  data  in  Table  I 
and  the  mode  plots  in  Figure  2 show  that  the  predicted  results  become 
increasingly  inaccurate  as  the  mode  number  approaches  seven. 

Notice  that  the  eight  element  beam  model  yields  very  good  results  for 
the  first  two  mode  shapes,  as  shown  in  Figure  2.  For  the  first  two  modes, 
there  are  three  or  more  nodes  available  to  define  each  half  wave  of  the 
deformed  shape.  When  a grid  is  constructed  to  represent  a new  rocket  motor 
design,  the  use  of  a grid  refinement  that  would  result  in  three  nodes  for 
each  half  wave  of  the  expected  deformation  is  suggested  as  a goal.  Grid 
refinement  is  discussed  in  subsequent  sections  of  this  manual. 

The  types  of  errors  that  can  be  expected  from  using  a grid  with  inade- 
quate refinement  are  illustrated  in  Figure  2.  One  type  of  error  occurs 
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because  the  location  of  the  maximum  response  amplitude  is  not  predicted 
correctly.  A second  type  of  error  occurs  when  the  predicted  peak  amplitude 
is  incorrect.-  A third  error  type  is  due  to  the  fact  that  a model  with 
insufficient  grid  refinement  will  exhibit  incorrect  natural  frequencies 
as  shown  by  the  data  in  Table  I.  When  a real  eigenvalue  analysis  is  per- 
fermed  on  a finite  element  model,  the  resultant  mode  shapes  can  be  examined 
to  estimate  medel  accuracy  as  a function  of  frequency.  When  jagged  mode 
patterns  are  found,  such  as  those  shown  fer  modes  6 and  7 in  Figure  2, 
chances  are  high  that  all  three  types  of  errors  described  above  are  present 
in  the  anjslysis  results.  When  smoother  mode  patterns  occur,  such  as  those 
shown  for  modes  1,  2,  and  3 in  Figure  2,  the  analysis  results  are  probalbly 
sufficiently  accurate. 

The  criteria  for  judging  the  adequacy  of  a finite  element  model  to  be 
usad  for  calculation  of  forced  response  is  somewhat  different  from  the 
criteria  explained  above  for  real  eigenvalue  analyses.  The  response  mode 
shapes  for  frequency  response  analyses  are  very  dependent  on  load  distri- 
bution as  well  as  being  dependent  on  load  frequency.  In  general,  the 
response  due  to  a simple  distributed  load  tends  to  follow  the  same  pattern 
as  the  load  distribution.  If  a load  is  distributed  in  exactly  the  same 
pattern  as  a natural  mode  shape,  then  the  response  occurs  entirely  in  that 
mode  shape  regardless  of  frequency.  In  the  usual  case,  where  the  load  is 
not  distributed  as  a natural  mode,  various  natural  modes  can  participate 
in  forming  the  response  mode  shape.  The  main  natural  modes  that  participate 
in  the  response  are  determined  by  both  the  load  distribution  end  the  forcing 
frequency.  When  the  excitation  frequency  is  not  near  a natural  frequency, 
the  respoase  mode  is  likely  to  be  quite  similar  to  the  load  distribution. 

When  the  loading  frequency  approaches  a natural  frequency,  the  response 
mode  may  consist  of  the  corresponding  natural  mode  shape  combined  with  the 
loading  distribution  mode  shape. 

The  lower  plot  in  Figure  3 shows  a loading  distribution  for  the  simple 
beam  that  somewhat  resembles  the  second  natural  mode  shape.  When  the  load 
distributio*  shown  in  the  figure  was  applied  to  the  beam  at  a frequency 
that  matched  the  fourth  natural  frequency,  630.3  Ht,  the  response  shown 
in  the  upper  plot  ex  Figure  3 was  obtained.  The  response  shown  in  Figure  3 
generally  followed  the  pattern  of  the  loading  distribution  with  a super- 
imposed response  in  the  fourth  natural  mode. 

In  a rocket  motor,  the  loading  distributions  of  interest  are  represented 
by  the  various  acoustic  cavity  pressure  modes.  The  finite  element  grid  used 
to  model  the  motor  should  be  sufficiently  refined  to  allow  reasonable  resolu- 
tion for  the  definition  of  the  pressure  mode  shapes.  The  use  of  a minimum  of 
three  nodes  per  half  wave  to  define  any  pressure  mode  is  a suggested 
guideline. 

The  grid  should  also  be  sufficiently  refined  to  yield  good  definition 
of  the  response  mode  shapes.  An  after-the-fact  examination  of  the  response 
mode  shapes  ray  be  used  to  reveal  any  potentially  poor  results,  (use  Figure 
2 as  a guide) . The  guideline  of  three  nodes  per  half  wave  of  the  response 
made  shape  also  applies  to  frequency  response  analyses. 
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SECTION  III 


APPLICABLE  EXPERIENCE 

In  this  section,  three  different  programs  where  rocket  motor  structural 
response  was  calculated  are  briefly  discussed.  The  first  two  programs  are 
pressure  oscillation  studies  performed  on  the  Minuteman  II  and  III  third 
stage  motors. (2,3,4)  The  third  program  is  the  Component  Vibration  program 
for  which  this  modeling  manual  was  written. 

A.  MINUTEMAN  II  THIRD  STAGE  ANALYSIS 

(2  4) 

The  Minuteman  II  third  stage  motor  was  analyzed'  ’ using  the  SAMIS 
(Structural  Analysis  and  Matrix  Interpretive  System)  computer  program. 

The  analysis  was  performed  by  Hercules  Incorporated.  Only  the  aft  dome 
and  aft  dc_ . components  were  included  in  the  model.  Due  to  computer  program 
limitations,  a one-quarter  dome  model  (90°  slice)  was  used.  The  one-quarter 
model  was  analyzed  four  times  using  different  combinations  of  symmetric 
and  asjraunetric  boundary  conditions  to  obtain  the  complete  3-D  solution.  In 
addition,  the  dome  models  and  component  models  had  to  be  analyzed  separately 
because  of  problem  size  limitations  of  the  SAMIS  program.  The  separate 
solutions  were  effectively  combined  to  represent  che  total  model  solutions 
by  using  a Modal  Synthesis  approach. 

The  Minuteman  II  third  stage  analysis  resulted  in  natural  frequencies 
and  mode  shapes.  Good  agreement  was  obtained  between  some  component 
measured  natural  frequencies  and  calculated  natural  frequencies,  however 
no  attempt  was  made  to  calculate  the  motor  response  to  an  acoustic  pressure 
oscillation.  Even  though  the  propellant  is  bonded  to  the  aft  dome  in  many 
actual  motors,  only  the  mass  of  an  arbitrary  portion  of  the  propellant  was 
included  in  the  aft  dome  model.  No  provision  was  included  in  tne  model  to 
account  for  effects  of  omitted  motor  structure. 

The  experience  gained  in  constructing  component  models  during  the 
Minuteman  II  analysis  program  should  be  of  interest.  The  analysis  experience 
showed  that  changes  in  assumed  component  connection  conditions  can  have  a 
significant  effect  on  analysis  results.  Component  model  response  for  the 
Nozzle  Control  Unit  (NCU)  was  found  to  be  quite  sensitive  to  the  torsional 
stiffness  used  in  the  model  of  the  mounting  bracket.  Grid  refinement  used 
in  the  nozzle  and  NCU  component  models  is  shown  in  Reference  2. 


(2) 

Pressure  Osci  ’ ’ •■tions  During  Firing  of  Minuteman  II  Stage  III  Motor  (U) , 
Hercules  Incf  cated.  Final  Report  Contract  No.  AF04(694)-903, 

January  1971  <.confidential) . 

(3) 

Minuteman  III  Third  Stage  Pressure  Oscillation  Study,  Aerojet  Final 
Report  No.  1387 -OIF,  Contract  No.  F04694-67-C-0004,  August  1971. 

Jensen,  F.  R.,  and  Christiansen,  H.  N.,  "An  Application  of  Component 
Mode  Synthesis  to  Rocket  Motor  Vibration  Analysis,"  The  Shock  and 
Vibration  Bulletin,  The  41st  Symposium  on  Shock,  Vibration,  and  Associ 
ated  Environments,  Naval  Research  Laboratory,  Washington,  D.C.,  October  1970. 
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B.  MINUTEMAN  III  THIRD  STAGE  ANALYSIS 

(3) 

The  Minuteman  III  third  stage  motor  was  ^alyzed  using  the  NASTRAN 
computer  program.  The  analysis  was  performed  by  the  MacNeal  Schwendler 
Corporation  working  in  conjunction  with  the  Aerojet  Solid  Propulsion 
Company.  Four  different  types  of  analyses  were  conducted:  (1)  An  acoustic 

analysis,  (2)  a forward  dome  modal  analysis,  (3)  a forward  half  motor 
analysis,  and  (4)  a nozzle  analysis.  All  analy^ses  are  reported'  in  Refer- 
ence 3. 

The  acoustic  analysis  was  performed using  the  then  newly-created 
acoustic  analysis  capability  in  the  NASTRAN  program.  The  acoustic  analysis 
yields  natural  frequencies  and  mode  shapes  of  the  combustion  gases  in  the 
combustion  cavity.  The  program  is  basically  a two-dimensional  program, 
but  special  provisions  have  been  made  to  handle  tangential  modes  and  slotted 
grain  designs.  Good  comparisons  were  reportedly  obtained  between  analysis 
results  and  experimentally-measured  natural  frequencies  and  mode  shapes. 

A modal  analysis  was  performed  on  a model  of  the  forward  dome  of  the 
Minuteman  III  third  stage  motSi.  to  determine  the  natural  frequencies  e.id 
mode  shapes  below  1000  Hz.  The  forward  dome  model  was  based  on  a one- 
quarter  (90°  slice)  section  of  the  motor.  Both  sjraimetic  and  asymmetric 
boundary  conditions  were  used  in  the  analyses . The  effects  of  two  differ- 
ent components,  mounted  to  the  dome  in  a symmetrical  pattern,  were  studied. 
The  Minuteman  III  forward  dome  analysis  is  of  interest  mainly  because  of 
the  way  in  which  differential  stiffness  was  used  to  model  the  stiffening 
effect  on  the  case  of  the  static  internal  pressure.  The  procedures  for 
using  differential  stiffness  in  a dynamics  analysis  and  the  required  DMAP 
alters  are  given  in  the  Aerojet  final  report. (3) 

The  model  of  the  forward  dome  was  incorporated  into  a model  of  the 
forward  half  of  the  motor.  The  dome,  propellant,  igniter,  and  TT -ports 
were  included  in  the  forward  half  motor  model.  Frequency  response  analyses 
were  conducted  on  the  forward  half  motor  model  at  different  frequencies 
and  at  different  burn  times.  One  aspect  of  the  model  may  be  of  interest 
to  future  analysts.  A unique  model  consisting  of  scalar  springs,  scalar 
masses,  and  multiple  point  constraints  was  used  to  represent  gases 
physically  trapped  in  the  forward  dome  cavity  during  motor  ignition  and 
shortly  thereafter.  Figures  and  test  data  are  given  in  the  Aerojet  report 
so  that  comparisons  between  analysis  results  and  firing  data  may  be  made. 

A fourth  analysis  was  conducted  on  the  Minuteman  III  third  stage  motor 
to  determine  the  vibration  niodes  of  the  nozzle  as  an  unsupported  structure 
with  as3nnmetrically  attached  components.  This  analysis  is  reported  in 
Appendix  A of  the  Aerojet  report. (3) 
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c. 


AFRPL  COMPONENT  VIBRATION  PROGRAM 


Two  motors  were  analyzed  during  the  Component  Vibration  program:  the 

Poseidon  C-3  second  stage  motor  and  the  Minuteman  III  third  stage  motor. 

The  major  difference  between  these  analyses  and  previous  analyses  is  that 
the  complete  motors,  including  attached  components,  were  included  in  the 
models.  The  use  of  full  motor  models  was  made  practical  by  development  of 
the  cyclic  symmetry  modeling  capability.  The  MacNeal-Schwendler  Corporation 
is  responsible  for  the  development  of  the  cyclic  symmetry  approach.  A 
mechanical  impedance  approach  was  used  to  account  for  the  effects  of 
asymmetrically  attached  motor  components.  Comparisons  were  made  between 
analysis  results  and  experimental  results,  and  several  analyses  were 
performed  to  gain  insight  into  general  solid  rocket  motor  structural 
dynamic  behavior.  This  modeling  manual  is  an  appendix  to  the  final  report 
for  the  Component  Vibration  program.  Refer  to  the  main  report  for  addi- 
tional detail. 
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SECTION  IV 


MODELING  GUIDELINES 

Section  IV  is  intended  to  directly  address  the  problem  of  analyzing  a 
new  solid  rocket  motor  design  prior  to  motor  manufacture.  Some  of  the 
basic  modeling  decisions  that  must  be  made  are  discussed  as  well  as  some 
of  the  advantages  and  disadvantages  of  the  suggested  analysis  approach. 

A.  INPUT  DATA 

Before  a model  can  be  assembled  and  analyzed,  a certain  amount  of 
input  data  must  be  collected.  The  required  data  usually  includes  that 
discussed  below. 

1.  Definition  of  Motor  Geometry  Lnd  Material  Callouts 

Drawings  are  required  that  give  a complete  definition  of  motor 
geometry  including  crse,  grain,  nozzle,  igniter  and  other  motor  hardware 
such  as  closures,  no  .le  adapters,  and  TT  ports.  The  materials  to  be 
used  for  each  motor  item  must  be  identified. 

2,  Material  Properties 

Generally,  the  following  material  properties  must  be  obtained 
for  each  material  used  in  the  motor: 

(a)  Material  stiffness  is  required.  For  isotropic  materials, 
the  elastic  modulus  and  Poisson's  ratio  arc  sufficient. 
For  orthotropic  material  (generally  composites) , the 
directional  stiffness  coefficients  must  be  available. 

For  propellant  and  other  viscoelastic  mscerials,  dynamic 
stiffness  properties  are  required  (e.g.  the  loss  tangent 
and  shear  storage  modulus  both  defined  as  a function  of 
frequency  over  the  frequency  range  of  interest) . 

(b)  Material  density  is  required  for  each  material  which 
is  present  in  sufficient  quantity  to  warrant  inclusion 
in  the  mass  representation  of  the  motor.  Material 
densities  are  not  needed  for  items  that  can  be  repre- 
sented by  direct  input  of  nodal  masses. 

(c)  Material  damping  coefficients  should  be  available  for 
each  material  used  in  the  major  load-carrying  portions 
of  the  structures.  Damping  for  the  viscoelastic 
materials  is  not  required  since  damping  characteristics 
are  included  in  the  stiffness  (complex  modulus) 
definition. 
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3 .  Loads 


The  acoustic  modes  resulting  from  an  acoustic  cavity  analysis 
define  the  input  pressure  distributions.  A uniform  internal  pressure  load 
system  is  generally  useful  for  static  checkout  and  evaluation  of  the  model. 
In  the  NASTRAN  program,  pressure  loads  can  be  input  directly  in  the  static 
analysis  rigid  format;  however,  the  frequency  response  rigid  format  requires 
nodal  force  inputs.  A static  analysis  run,  therefore,  is  generally  made 
for  each  loading  condition  to  convert  pressure  loads  to  nodal  forces. 

An  OLOAD  (punch)  = All  NASTRAN  instruction  is  used  in  the  static  run  to 
punch  the  set  of  generated  nodal  forces.  A FORTRAN  program  is  then  used 
to  read  the  output  and  punch  a new  deck  in  the  appropriate  format  for 
input  to  NASTRAN  (DAREA  cards  are  required) . 

4.  Mass  Data 

Masses  for  component  carts  of  the  motor  and  for  the  complete 
motor,  obtained  by  independent  calculation  or  from  measurement  of  available 
parts,  is  often  useful  for  preliminary  evaluation  of  the  finite  element 
model. 

5.  Test  Data 

Any  available  test  data  for  the  motor  or  for  component  parts  of 
the  motor  that  relates  forces  and  displacements  from  static  or  dynamic 
tests  may  be  useful  for  evaluation  of  the  finite  element  model. 

The  input  data  list  given  above  applies  to  the  motor  proper.  If 
motor  components  such  as  nozzle  control  units,  gas  generators,  etc.,  are 
to  be  included  in  the  analysis,  then  similar  input  data  must  be  gathered 
for  each  component  of  interest.  In  addition,  locations  of  component 
centers-of-gravity  are  useful. 

B.  FINITE  ELEMENT  GRID  CONSTRUCTION 

The  usual  procedure  in  finite  element  grid  construction  is  to  make  a 
scale  layout  of  the  motor  cross-section.  Node  points  are  placed  at  a 
sufficient  number  of  locations  around  the  motor  boundaries  to  provide  a 
reasonable  definition  of  motor  geometry.  A typical  grid  is  shown  in 
Figure  4.  As  shown  in  the  Figure,  CHEXA2  elements  are  used  to  represent 
the  grain.  The  use  of  CHEXAl  elements  and  CWEDGE  elements  is  not  recom- 
mended. Unifoirm  symmetrical  forces  applied  to  CHEXAl  or  CWEDGE  elements  do 
not  result  in  exactly  uniform  and  symmetrical  displacements  as  they  should. 

The  use  of  a large  number  of  nodes  around  the  boundary  of  the  grain 
is  desirable  because  better  definition  of  the  acoustic  pressure  mode  loading 
is  possible.  If  at  least  three  nodes  are  used  for  each  half  wave  of  the 
acoustic  mode  shape,  then  at  least  six  nodes  would  be  required  for  the 
first  longitudinal  mode,  nine  nodes  would  be  required  for  the  second 
longitudinal  mode,  etc.  Figure  5 shows  a way  of  reducing  the  total  number 
of  nodes  in  the  grid  of  Figure  4 without  changing  any  of  the  boundary  nodes. 


C.  CYCLIC  SYMMETRY  CONSIDERATIONS 

Most  solid  rocket  motor  designs  can  be  analyzed  using  the  cyclic 
symmetry  option  in  NASTRAN.  (Refer  to  Appendix  C of  the  Cjomponeht  V(ibration 
final  report  for  a detailed  discussion  on  the  use  of  cyclic  symmetry.)  When 
a 3-D  solution  is  required  for  a rocket  motor,  the  cyclic  symmetry  capa- 
bility of  NASTRAN  can  be  used  to  great  advantage.  The  basic  requirement 
for  using  cyclic  symmetry  is  that  the  motor  can  be  divided  into  geometrically 
identical  sections  that  repeat  around  the  circumference  of  the  motor  For 
example,  if  the  grain  design  has  four  evenly  spaced  identical  slots,  a 90° 
section  formed  by  r-z  planes  passing  through  the  slot  centerlines  is  one 
of  four  identical  sections  repeating  around  the  circumference.  Using 
cyclic  symmetry,  such  a motor  could  be  modeled  by  creating  a finite  element 
grid  for  one  half  of  the  90°  section  ( a grid  for  a 45°  slice  of  the  motor 
-using  the  dihedral  symmetry  option). 

Better  models  can  apparently  be  made  for  motors  with  a large  number  of 
slots.  If  a motor  has  a sufficient  number  of  slots,  a grid  slice  only  one 
element  thick  can  be  used  as  a model.  When  a large  slice  is  required, 
several  layers  of  elements  may  be  required  to  form  the  slice  thickness  in 
the  circumferential  direction.  When  more  than  one  layer  of  elements  is 
required,  the  bandwidth  of  the  equations  increases  by  a considerable  amount. 
The  bandwidth  increase  means  that  less  grid  refinement  can  be  used  in  a 
multiple  layer  model  than  in  a single  layer  model  for  a given  computer  run 
time. 


The  finite  element  model  to  be  used  in  the  analysis  usually  represents 
an  effort  to  obtain  a grid  as  refined  as  possible  while  still  maintaining 
reasonable  computer  run  times,  "Reasonable  run  times"  may  have  different 
values  depending  on  the  budget  of  the  analysis  program  and  the  computer 
available,  A one  layer  15°  slice  of  the  grid  shown  in  Figure  4 with  1032 
subcases  runs  approximately  300  CPU  minutes  on  an  IBM  370/155,  As  an  aid 
in  making  the  decision  on  the  maximum  slice  size  to  use  in  the  model, 
results  from  a previous  analysis  are  shown  in  Figures  6 and  7 . Figure  6 
shows  the  natural  frequencies  and  mode  shapes  obtained  by  using  a 15°  slice 
with  only  one  layer  of  elements. 

Figure  7 shows  the  corresponding  results  for  a 5°  slice.  The  corres- 
pondence between  the  5 and  15  degree  slice  results  is  not  good.  The 
15  degree  slice  appears  to  be  too  large  to  provide  accurate  results. 

As  discussed,  the  size  of  the  slice  is  usually  determined  by  the  number 
of  slots  in  the  gr»^in.  Another  factor  that  may  be  important  is  the  number 
of  thrust  termination  (TT)  ports.  Depending  on  the  design  and  location  of 
the  TT  ports,  inclusion  of  the  TT  ports  as  well  as  the  grain  slots  in  the 
cyclic  symmetric  structure  may  be  desirable. 
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Most  motors  do  not  have  enough  slots  to  warrant  the  use  of  a single 
slice  model  much  smaller  than  15  degrees.  A motor  with  12  slots  could  be 
modeled  with  a l/24th  motor  section  (15  degree  slice).  A motor  with 
15  slots  could  be  modeled  with  a l/30th  motor  section  (12  degree  slice). 

There  are  two  ways  to  obtain  effective  smaller  slice  widths  for  motors 
without  large  numbers  of  slots. 

For  motors  where  the  TT  p^'rts  can  be  represented  adequately  by  smeared 
properties  (i.e.,  by  increasing  the  stiffness  of  some  case  elements  near 
the  TT  ports  in  a nearly  axisymmetric  TT  port  representation) , some  dummy 
grain  slots  can  be  introduced  so  that  the  slice  width  required  to  model 
the  grain  can  be  made  as  small  as  desired.  The  greater  the  number  of 
dummy  slots,  the  smaller  the  model  slice  width.  When  this  procedure  is 
used,  the  resulting  model  for  a single  slice  has  a small  bandwidth  and  a 
slice  with  about  1000  degrees  of  freedom  becomes  practical.  The  introduction 
of  dummy  slots  is  justified  by  the  consideration  that  the  major  effect  of 
the  slots  on  the  grain  structural  behavior  is  to  eliminate  the  capability 
of  the  grain  to  carry  a hoop  load  in  the  slotted  region.  Because  of  the 
way  the  slots  are  modeled  (refer  to  Appendix  C of  the  Acoustic  Vibration 
Final  report,  example  problem),  the  radial  and  axial  load  carrying  capacity 
of  the  grain  should  not  be  affected  very  much  by  introduction  of  additional 
slots.  The  use  of  dummy  slots  is  more  straightforward  for  the  longitudinal 
acoustic  pressure  modes.  For  tangential  modes,  obtaining  an  equivalent 
load  with  a greater  number  of  slots  is  more  difficult. 

’■e  second  procedure  for  obtaining  smaller  slice  widths  is  simply 
to  ube  a grid  section  with  several  layers  of  elements,  A motor  with  12 
slots  could  be  modeled  with  a motor  section  consisting  of  three  5-degree 
slices  for  a tot  si  Section  width  of  15  degrees.  The  disadvantage  (increased 
bandwidth)  of  this  approach  has  been  discussed.  A possible  solution  to 
this  problem  is  to  apply  a Guyan  reduction  to  reduce  the  number  of  degrees 
of  freedom  in  the  analysis  set.  No  experience  with  the  application  of  Guyan 
reduction  in  a cyclic  symmetry  problem  is  available,  however,  the  following 
should  be  considered: 

(1)  Use  the  OMIT  feature  in  NASTRAN  to  omit  selected  degrees 
of  freedom  from  the  analysis  set. 

(2)  Do  not  omit  any  degrees  of  freedom  for  nodes  on  the  boundaries 
of  the  basic  grid  section,  i.e.  the  nodes  thet  appear  on 
CYJOIN  cards. 

(3)  If  the  basic  grid  section  is  approximately  20°  or  less, 
consider  OMITing  all  internal  node  degrees  of  freedom. 


(4)  The  reduction  process  will  cause  an  increase  in  bandwidth 
so  that  a reduction  to  200  to  300  degrees  of  freedom  may 
be  necessarv  to  maintain  reasonable  solution  times. 


(5)  There  may  be  an  optimum  way  to  select  points  to  be  used  in 
the  OMIT  set  so  that  a minimum  bandwidth  results.  This  may 
be  worth  future  investigation. 

D.  ACCOUNTING  FOR  ATTACHED  COMPONENTS 

Relatively  lightweight  components  should  not  be  expected  to  have  a 
significant  effect  on  dome  response  (or  case  response  if  mounted  on  the 
cylindrical  portion  of  the  case) . Heavier  components  may  affect  the  motor 
response  under  certain  conditions.  To  obtain  an  idea  of  relative  force 
magnitudes  involved,  consider  that  a uniform  1.0  psi  pressure  distributed 
over  the  dome  of  a motor  with  a 40-inch  radius  would  apply  a distributed 
net  force  of  about  5000  pounds.  By  comparison,  a 50  pound  component 
vibration  at  100  g's  would  apply  a concentrated  force  of  5000  pounds  to 
the  motor.  Maximum  pressure  oscillation  levels  are  generally  higher 
than  1.0  psi  while  component  response  levels  are  usually  (but  not  always) 
much  lower  than  100  g's.  One  exception  to  the  statement  about  lightweight 
components  occurs  in  the  case  of  a nozzle  actuator  that  is  connected  at 
two  widely  separated  points.  The  nozzle  actuator  that  couples  dome  motion 
with  nozzle  motion  will  have  a significant  effect  on  overall  motor  response. 

If  components  mounted  on  a particular  motor  are  judged  most  likely 
not  to  effect  the  motor  response,  the  analysis  procedure  can  be  greatly 
simplified.  Tlie  response  of  the  motor  without  components  can  be  calculated 
using  the  cyclic  symmetry  model.  Accelerations  calculated  at  the  component 
connection  points  can  then  be  used  as  input  levels  for  judging  the  adequacy 
of  component  design. 

For  the  situation  where  components  are  judged  likely  to  influence 
motor  response,  a mechanical  impedance  procedure  is  available  to  allow  the 
response  of  the  coupled  mo tor -components  system  to  be  calculated.  The 
discussion  on  application  of  the  mechanical  impedance  method  from  section 
IV  of  the  Component  Vibration  final  report  is  partially  repeated  here. 

Refer  to  the  report  for  additional  detail. 

E.  APPLICATION  OF  MECHANICAL  IMPEDANCE 

For  this  discussion  consider  first  a motor  with  one  component  attached. 
The  same  reasoning  is  generalized  for  additional  components  below.  The 
reason  for  using  the  mechanical  impedance  approach  is  that  it  allows  the 
clean  motor  model  (component  not  attached)  and  the  component  model  to  be 
analyzed  separately,  yet  results  are  obtained  for  the  component -mounted -to - 
motor  condition.  To  make  the  analysis  exact,  the  component  is  replaced  by 
the  forces  that  it  creates  on  the  clean  motor. 

Since  the  motor  is  oscillating  in  response  to  a particular  unstable 
acoustic  pressure  mode,  the  motor  proper  is  considered  to  be  acted  upon 
by  two  separate  sets  of  forces;  the  oscillating  pressure  forces  are  applied 
internally,  and  inertia  forces  due  to  the  attached  component  are  applied 
at  the  motor-component  interface  locations.  The  solution  is  obtained  by 
superimposing  effects  of  both  loading  conditions. 
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The  clean  motor  model  is  analyzed  with  only  internal  pressure  loading 
to  obtain  the  velocities  {.Vq  j at  the  motor -component  interface.  The 
velocities  jV]^}  at  the  interface  caused  by  component  connection  forces {Fc| 
can  be  expressed  by  using  the  motor  admittance  matrix  [y]  : 

IM  “ P!  I'^cl 

The  total  velocity  jVj;j  is  obtained  by  superimposing  the  effects  of  the 
two  loading  conditions: 

Ini  - |nl  + (vii 

Substituting  from  above  gives 

{Vtl  = Wol  + M {Fcl 


The  forces  (Fc)  at  the  interface  are  unknown,  but  they  can  be  expressed 
in  terms  of  the  total  velocity  by  considering  the .component  impedance 
relationship : 


where  {Zcj  represents  the  component  impedance  matrix.  The  minus  sign 
occurs  because  forces  applied  to  the  component  are  equal  and  opposite 
to  those  applied  to  the  motor.  Substituting  {F^j  in  the  equation  for  {Vtj 
gives : 


|Vt}  = I Vo}  - M [Zj  |Vt| 

Rearranging: 

IVtl  = ( [1]  + lY]  [Zc])"’-  (V^l 

where  [I]  is  the  identity  matrix.  Each  matrix  must  be  complex  to  handle 
the  magnitude  and  phase  information  required  for  characterization  of  damped 
systems.  The  solution  represented  by  the  last  equation  given  above  for 
|Vj.|  must  be  repeated  at  each  frequency  of  interest.  Solution  of  the  last 
equation  results  in  response  at  the  component  connection  points  for  the 
coupled  motor-components  system. 
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SECTION  V 


TYPICAL  MOTOR  BEHAVIOR 

The  purpose  of  this  brief  section  is  to  present  some  analysis  results 
and  some  test  data  to  aid  in  the  visualization  of  likely  motor  response 
modes.  The  better  the  dynamic  response  of  a motor  is  understood,  the  more 
likely  a meaningful  finite  element  analysis  can  be  conducted.  The  analysis 
results  shown  here  were  taken  from  the  Task  8 report.  Appendix  F of  the 
Component Vibration  final  report.  The  test  data  were  taken  from  Appendix  B 
of  the  same  report . 

Figures  6 and  7 show  results  from  real  eigenvalue  analyses  on  an  aft 
dome  model.  The  model  was  a single  slice  with  symmetry  boundary  conditions 
applied  along  each  slice  face.  The  model  was  constrained  at  the  Y-joint 
in  a direction  parallel  to  the  motor  axis.  The  small  lines  plotted  normal 
to  the  dome  are  displacement  vectors  plotted  to  an  exaggerated  scale.  In 
addition  to  the  symmetric  modes  shown  in  Figures  6 and  7,  the  dome  can 
exhibit  many  unsymmetric  modes  including  lobar  type  modes. 

Real  eigenvalue  analyses  were  also  applied  to  a one-half  grain  model. 
The  motor  axis  is  normal  to  the  motor  mid-plane  that  divides  the  grain 
into  halves.  The  grain  model  was  analyzed  both  with  symmetry  and  with 
asymmetry  boundary  conditions  at  the  motor  mid-plane,  the  results  are  shown 
in  Figures  8 and  9,  respectively. 

Typical  motor  response  to  frequency -dependent  loads  is  shown  in 
Figures  10  and  11.  Figure  10  shows  the  axisymmetric  aft  dome  response  of 
the  motor  to  the  axisymmetric  third  longitudinal  acoustic  mode.  The 
response  of  the  grain  surface  along  the  centerbore  to  the  same  mode  (but 
at  the  hot  gas  frequency)  is  shown  in  Figure  11.  The  response  mode  crosses 
the  zero  reference  three  times  and  therefore  has  the  equivalent  of  four 
half  waves  in  the  deformed  shape. 

Figures  12  and  13  show  plots  of  response  amplitude  as  a function  of 
frequency  for  an  aft  dome  mode]  loaded  with  three  different  loading 
distributions.  The  response  at  the  peaks  and  the  width  of  the  peaks  in 
the  response  plots  is  dependent  on  the  damping  used  in  the  model. 

Figure  14  shows  how  radial  motion  at  the  Y-joint  of  an  aft  dome  can 
be  transformed  to  axial  motion  of  the  nozzle  and  nozzle  adapter. 

In  spite  of  the  numerous  natural  frequencies  and  mode  shapes  exhibited 
by  motor  finite  element  models,  vibration  tests  often  excite  only  a few 
of  the  total  possible  modes.*  For  example,  when  a motor  is  vibrated  in 
an  axial  direction  by  attachment  to  the  motor  skirts,  the  grain  exhibits 


*Information  in  this  paragraph  is  given  with  reference  to  a personal 
conversation  with  Mr.  T.  E.  Depkovich  of  the  Aerojet  Solid  Propulsion 
Company. 
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only  2 or  3 resoiiarices  (peaks  in  the  frequency  response  curve) . Apparently 
the  higher  natural  frequencies  are  so  heavily  damped  that  they  uo  not 
respond  during  the  lov?  level  vibration  test.  This  motor  behavior  has 
caused  measurement  methods  for  grain  dynamic  moduli  to  be  questioned.  In 
transverse  axis  tests,  lobar  inodes  higher  than  the  first  mode  are  very 
difficult  to  excite  and  the  response  is  generally  similar  to  response  in 
the  axial  direction  as  higher  modes  seem  to  be  heavily  damped. 

Figures  15  and  16  show  two  types,  of  responses  to  acoustic  oscillations 
that  occur  in  a typical  motor.  Figure  15  shows  a single  frequency  sinu- 
soidal response  that  occurs  at  730  Hz  between  approximately  2-1/2  and 
4-1/2  seconds.  Figure  16  characterizes  a common  response  type  that  changes 
frequency  rapidly  with  increasing  motor  burn  time.  The  oscillation 
characterized  in  Figure  16  begins  at  1320  Hz  at  about  3.8  seconds.  As 
the  burn  surface  progresses,  the  frequency  of  the  oscillation  increases 
to  about  1450  Hz  at  6.5  seconds.  Some  acoustic  modes  decrease  in  frequency 
with  advancing  burn  time. 


I 
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SECTION  VI 


CONCLUSIONS 

The  objective  of  this  modeling  techniques  manual  was  to  convey  infor- 
mation that  would  provide  guidance  to  the  analyst  assigned  to  the  task  of 
calculating  the  response  of  a solid  rocket  motor  to  acoustic  pressure 
oscillations.  The  objective  has  been  achieved  since  guidance  has  been 
provided.  Providing  a complete  set  of  analysis  instructions  would  not  be 
possible  since  each  analysis  problem  is  different  in  some  respect  than  all 
previous  analyses.  Tlie  discussions  given  hopefully  pointed  out  potential 
problem  areas  and,  in  some  cases,  suggested  solutions.  No  attempt  was 
made  to  provide  "Cook  Book"  type  instructions  on  how  to  perform  the  analyses . 
Instead,  reference  and  background  material  were  given  to  provide  the  analyst 
with  a basis  for  some  of  the  required  modeling  decisions. 
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FINITE  ELEMENT  BEAM  MODEL 


fn  = 


TT 


TU 

cp^,  (X)  = Sin  ILIL  K 


M.  = (39.3911)  n2 
m 


BEAM 

CROSS  SECTION 


. rffvrt 


n 


1/4" 

I = 0.002604  IN.^ 

E = 5 X 106  psi 

p = 2.58799  X lO-'^ 


fjj  = NATURAL  FREQUENCY  OF  NTH  MODE 
cp„  = NATURAL  MODE  SHAPE 


Figure  1.  Beam  Model  Used  to  Study  Mode  Shapes 


TABLE  I 

COMPARISON  BETWEEN  FINITE  EUZMENT  AND  CLOSED-FORM 
NATURAL  FREQUENCIES 


(NASTRAN) 

(Hz) 


fn  (Theory) 

m 


Error 


1 

39,39 

39.39 

0.0 

2 

157.52 

157.57 

0.032 

3 

353.87 

354.53 

0.186 

4 

625.68 

630.28 

0.730 

5 

962.04 

984.81 

2.312 

6 

1328.46 

1418.13 

6.323 

7 

1641.03 

1930.23 

14.983 

i 
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Figure  4.  Typical  Finite  Element  Grid  for  Upper  Stage  Ballistic  Missile  Motor 


Figure  5.  Irregular  Grid  Used  to  Reduce  Number  of  Internal  Nodes  From 
Number  Used  in  Figure  4 


NOZZLE  - DOME  MODE 


Figure  7.  Poseidon  C-3  Second  Stage  Aft  Dome  Mode  Shapes  Using  a H' 
Slice  Finite  Element  Model. 


PLUS,  PLUS,  MINUS 
LOAD  DISTRIBUTION 
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Aft  Dome  Load  Distributions  and  Frequency  Response  Plots  for  Node  199 


DISPUCEMENT  RESPONSE  FOR  257  - 
AXIAL  DIRECTION 


ACCELERATION  RESPONSE  FOR  257  - 
AXIAL  DIRECTION 


DISPLACEMENT  RESPONSE  FOR  199- 
RADIAL  DIRECTION  ' 


DISPLACED  POSITION  SHOWN  BY  DASHED  LINES 


Figure  14.  Aft  Dome  Static  Deformations  for  a Radial  Unit  Load  Applied  at  the 
Wye  Joint  and  Corresponding  Response  Plots  for  Load  Frequencies 
Between  0 and  1000  Hz 
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e 16.  Frequency  Mapping  for  Poseidon  S/S  Motor  SP-0131,  Accelerometer 
No.  AC-250,  Frequency  Range  1290  to  1450  Hz,  Each  Curve  Showing 
Acceleration  Magnitude 
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